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Abstract
Correlating simulated surface marks with near-surface tornado structure
Michael I. Zimmerman
Tornadoes often leave behind patterns of debris deposition, or “surface marks”, which
provide a direct signature of their near surface winds. The intent of this thesis is to inves-
tigate what can be learned about near-surface tornado structure and intensity through the
properties of surface marks generated by simulated, debris-laden tornadoes. Earlier work
showed through numerical simulations that the tornado’s structure and intensity is highly
sensitive to properties of the near-surface flow and can change rapidly in time for some
conditions. The strongest winds often occur within tens of meters of the surface where the
threat to human life and property is highest, and factors such as massive debris loadings
and asymmetry of the main vortex have proven to be critical complications in some regimes.
However, studying this portion of the flow in the field is problematic; while Doppler radar
provides the best tornado wind field measurements, it cannot probe below about 20 m, and
interpretation of Doppler data requires assumptions about tornado symmetry, steadiness in
time, and correlation between scatterer and air velocities that are more uncertain near the
surface.
As early as 1967, Fujita proposed estimating tornado wind speeds from analysis of aerial
photography and ground documentation of surface marks. A handful of studies followed but
were limited by difficulties in interpreting physical origins of the marks, and little scientific
attention has been paid to them since. Here, Fujita’s original idea is revisited in the context
of three-dimensional, large-eddy simulations of tornadoes with fully-coupled debris.
In this thesis, the origins of the most prominent simulated marks are determined and
compared with historical interpretations of real marks. The earlier hypothesis that cycloidal
surface marks were directly correlated with the paths of individual vortices (either the main
vortex or its secondary vortices, when present) is unsupported by the simulation results.
Cycloids in the simulations arise from debris deposited beneath the central annular updraft
that has converged from a much larger area and are modulated by turbulent fluctuations in
debris amount. Other classes of marks noted in the literature such as “lineation” and “scal-
loping” are also reinterpreted. Variations in the shapes, sizes, and spacings of surface marks
with the most critical dimensionless parameters characterizing near-surface and debris cloud
structure are explored. Analysis techniques are presented to capture the geometric proper-
ties of marks in some regimes, and possibilities for inferring near-surface vortex flow scales
from mark properties are discussed. The prospects are promising enough to warrant docu-
mentation of surface marks when available (likely through aerial photography), particularly
for cases where useful Doppler measurements have been gathered.
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Chapter 1
Introduction
1.1 Motivation
The tornado vortex is one of the most visually-striking and destructive terrestrial fluid-
dynamic structures known. As evidenced by amateur and scientific video records tornadoes
come in wide variety and can include visual signatures such as massive debris clouds and
secondary vortices rotating around the main vortex. A tornado is typically embedded within
a swirling parent thunderstorm which can be tens of kilometers wide and tall, consisting of a
rapidly-swirling updraft with a radial scale of tens to hundreds of meters fed by a converging,
swirling inflow along the surface. The upturn of the surface inflow to meet the swirling
updraft aloft, which can be quite sharp, forms the “corner flow”, which is the focus of this
work. Visual representations of a subset of different corner flows are shown in Figure 1.1a,b,
and corner flows with debris clouds are shown in Figures 1.2 and 1.3.
Lewellen and Lewellen (2007a,b); Lewellen et al. (2000) showed through simulations that
corner flow structure and intensity are highly sensitive and sometimes rapidly responsive
to properties of the near-surface inflow. They demonstrated that the highest winds are
often produced in the corner flow just tens of meters above the surface where the threat to
human life and property is highest. However, the near-surface portion of the flow is the most
1
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difficult to measure in the field: Doppler radar, which provides the best tornado wind field
measurements, is unable to probe below about 20 m, and interpretation of Doppler data
can be complicated by uncertainties in vortex symmetry, steadiness, and differences between
debris and air flow (e.g Bluestein and Unruh (1989); Dowell et al. (2005); Wurman et al.
(1997)).
The destruction of man-made structures has been heavily studied and can provide critical
information about near-surface tornado strength; however, coverage of ground structures is
sparse and their interaction with the windfield generally complex (Doswell et al., 2009).
In-situ probes are generally difficult to deploy and provide only a one-dimensional slice of
data through the near-surface flow, although recent attempts have involved arrays of ground-
based probes in concert with Doppler radar measurements aloft (e.g. Wurman et al. (2010)).
Holland et al. (2006), Beck (2008), and Beck and Dotzek (2010) developed and applied
analysis techniques allowing reconstruction of near-surface tornado winds from patterns of
tree breakage based on previous work by Letzmann (1923a,b); Bech et al. (2009) also applied
this methodology to a real case.
A direct, complementary signature of near-surface tornado winds often available when
other markers are not is the pattern of debris removal and deposition at the surface. Such
“surface marks” are left behind when a tornado traverses a roughly uniform patch of loose
debris, such as a freshly-plowed field, some rows of dry corn stubble (e.g. Figure 1.4), or the
dusty surface of Mars (e.g. Figure 1.5). The first extensive attempts to infer properties of
near-surface tornado winds from surface marks were carried out by Fujita in the mid-1960s
(Fujita, 1966) and were followed by a handful of other attempts.
The most critical limitation in earlier studies of surface marks were in uncertainties about
the physical origins of marks. Based on aerial photographs of surface tracks, close inspection
of marks on the ground, and observation of actual tornadoes, Fujita and colleagues developed
a surface mark taxonomy (Fujita, 1966; Fujita et al., 1967, 1976a,b). This framework for
understanding surface marks was centered around the interpretation that marks were primar-
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ily created through the action of individual vortices (either the main vortex or secondary
vortices) collecting debris into distinct piles as they moved along. Fujita and colleagues
developed a simple mathematical model to infer mean tangential velocities of secondary vor-
tices rotating about the main vortex from geometric properties of cycloidal marks (Fujita,
1967; Fujita et al., 1970, 1976b); the estimated windspeeds agreed well with conventional
photogrammetric observations of secondary vortex paths. Other researchers also collected
aerial photography of surface tracks (Prosser, 1964), adpoted Fujita and colleagues’ taxon-
omy (Davies-Jones et al., 1978), and employed Fujita and colleagues’ analysis techniques to
infer rotation velocities of secondaries about the main vortex (Agee et al., 1975, 1977; Fujita,
1981).
Though surface marks often resemble cycloids and secondary vortices have been observed
to follow roughly cycloidal paths, secondary vortices in the field have not been directly
correlated with any particular types of marks. The actual flow features responsible for
surface marks have remained unknown primarily because high-resolution, low-level, time-
resolved flow measurements have not been available and are still largely out of reach today
(c.f. Bluestein and Golden (1993); Wurman et al. (1997)).
In the present work Fujita’s general idea of inferring tornado properties from surface
marks is resurrected through use of state-of-the-art large-eddy simulations (LES) of tornado
corner flows with debris. The simulation code utilized was developed previously as part of
a longstanding effort to study tornado structure and dynamics (e.g. Lewellen and Lewellen
(2007a,b); Lewellen et al. (2000, 2008); Lewellen (1973, 1976); Lewellen et al. (1997); Xia
et al. (2003)). It will be shown in the present work that there is no direct correlation between
simulated secondary vortices and the most prominent signatures of deposition or removal.
Rather, a convolution of removal and deposition by a handful of physical processes over space
and time is responsible for forming distinct debris patterns at the surface. The importance of
each process varies with a set of dimensionless governing parameters describing corner flow
and debris cloud structure, and the resulting set of marks reflects the tornado’s governing
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parameters.
The remainder of this chapter provides background information on corner flow and de-
bris cloud structure and dynamics. A summary of the LES code and simulation procedures
are provided in Chapter 2. The general physical origins of the most prominent simulated
surface marks and tests to determine the sensitivity of surface mark properties to simulation
parameters are described in Chapter 3. Chapter 4 justifies selection of the simulation set
of over 150 runs based on the most important simulation and physical parameters affecting
tornado and debris cloud structure. In Chapter 5, a taxonomy of simulated surface marks
is developed, and surface marks’ physical origins are interpreted in terms of critical dimen-
sionless parameters of the system. Analysis techniques for extracting properties of marks
are presented in Chapter 6, and conclusions and discussion of future prospects for inferring
near-surface winds, tornado structure, and debris cloud structure from surface marks are
provided in Chapter 7.
1.2 Corner flow and debris dynamics
Angular momentum is exactly conserved in a tornado flow away from the surface, and the
typical state is one of approximate cyclostrophic balance in which the radial pressure gradient
force balances inertia (c.f. Lewellen (1976)). Due to surface friction the swirl velocity (i.e.
the azimuthal component of velocity) must go to zero at the surface, breaking cyclostrophic
balance in the near-surface flow. However, the radial pressure gradient is inherited from
aloft, driving a converging radial inflow that turns upward upon reaching the central vortex,
forming the tornado corner flow. As the inflow separates from the surface it overshoots the
radius at which its lowered angular momentum Γ is equal to that in the core flow aloft . They
demonstrated that the inertial overshoot can lead to quite dramatic velocity intensification
in the corner flow near the surface: though angular momentum is typically depleted to some
degree in the near-surface inflow, it is conserved once the flow separates from the ground,
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Figure 1.1: (a) Wireframe isosurfaces of instantaneous hydrodynamic pressure for a high-
swirl, stationary tornado corner flow. (c) Contours of axisymmetrically- and time-averaged
angular momentum in the radial-vertical plane for a low-swirl corner flow. Angular momen-
tum levels have been normalized to the far-field angular momemtum aloft, Γ∞, and length
scales have been normalized to the vortex radius aloft, RC . (b,d) As in (a,c) except for a
low-swirl tornado. (a,b) are taken from Lewellen (2007); (c,d) are taken from Lewellen et al.
(2000).
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Figure 1.2: A photograph of a real tornado with a debris cloud (Whipple, 1982).
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Figure 1.3: A cutaway snapshot of simulated debris cloud development, showing qualitative
simularity to the debris cloud in 1.2, from Gong (2006).
Figure 1.4: Aerial imagery of real surface tracks, showing some of the variety of marks
observed in the field. From Fujita (1981).
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Figure 1.5: Satellite imagery of Martian dust devil tracks, from the HiRISE experiment
(Image: NASA/JPL/University of Arizona).
causing the swirling flow to “spin up” as it contracts radially.
Lewellen et al. (2000) identified a critical corner flow swirl ratio capturing the effects of
many physical parameters on tornado structure and velocity intensification. They demon-
strated that (a) vortex structure and near-surface velocity intensification are highly sensitive
to properties of the near-surface inflow and (b) corner flow structure can change rapidly in
time under some conditions. Their corner flow swirl ratio is defined as
Sc =
RcΓ
2
∞
Υ
(1.1)
where Γ∞ is the angular momentum far from the central vortex aloft, Rc is the characteristic
radius of the core flow aloft (calculated in terms of the maximum mean swirl velocity in the
vortex aloft, Rc ≡ Γ∞/Vc), and Υ is the flux of depleted angular momentum, Γd = Γ∞ − Γ,
through the vortex. Γd is typically large only in a shallow layer just above the surface and
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within the central vortex core.
Sc may be thought of as the ratio between characteristic swirl and radial velocity compo-
nents in the surface inflow. In the “low-swirl” limit, the peak near-surface swirl velocity is
pushed close to the center of the vortex, and vertical pressure gradients form a strong central
updraft that experiences a vortex breakdown aloft (e.g. Figure 1.1b,d). In the “high-swirl”
limit the corner flow upturn and corresponding inertial overshoot occurs further from r = 0,
reducing the potential amount of velocity intensification (relative to the low-swirl regime)
and producing a roughly annular updraft that sometimes surrounds a central downdraft (e.g.
Figure 1.1a,c). Secondary vortices are common in the radial angular momentum gradients of
high-swirl corner flows, though their presence is not directly parameterized by Sc (Lewellen
et al., 2000).
In Lewellen and Lewellen (2007a); Lewellen et al. (2000), the mean near-surface velocity
intensification relative to Vc aloft was shown to correlate with Sc, with a sharp intensification
peak at SC ∼ 1.4 (e.g. Figure 1.6). Tornadoes with 1.4 < Sc < 2 are here considered to be
low-swirl, those with 2 < Sc < 4 are considered to be medium-swirl, and those with Sc > 4
are considered to be high-swirl. These separations are somewhat arbitrary but useful for
categorization purposes.
Also, surface-relative translation Utrans was shown by (Lewellen et al., 2000) to have a
non-trivial effect on the distribution of angular momentum in the near-surface flow. Sur-
face friction exerts non-axisymmetric torques on the swirling, translating inflow, tending to
increase Γ on the right side of the tornado and to decrease Γ on the left side. The lower-
angular momentum fluid is preferentially drawn into the main vortex, causing the vortex to
shift and tilt in an effort to maintain local axisymmetry. Also, Υ is raised by the increase in
low angular momentum fluid entering the central vortex, effectively reducing Sc.
Lewellen et al. (2004, 2008) and Gong (2006) added fine debris to the LES code and
demonstrated that accumulation of debris in the surface layer can result in a massive debris
cloud aloft, providing one of the most distinctive visual signatures of a tornado (e.g. Figures
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1.2 and 1.3). They showed that even though the debris cloud occupies only a small portion of
the entire flow, vortex structure within hundreds of meters of the surface can be significantly
affected by the accumulation of fine debris. Debris centrifuging, negative buoyancy, variable
density, and differences between air and debris velocities were all shown to play a role.
Peak mean flow velocities were typically reduced by massive simulated debris loadings;
however, debris tended to concentrate swirl momentum in the near-surface flow, increasing
the damage potential of the vortex. Also, a negative feedback between debris loadings and
air velocities was identified that limited the total amount of debris accumulated by the flow.
In the low-swirl limit, centrifuging of debris tended to lower the radial component of inflow,
pushing it toward an effectively higher swirl ratio with peak mean swirl velocities occuring at
a larger radius. In the present work, quoted values for Sc are those computed before debris
was introduced, as are the radial and velocity scales of the vortex aloft, respectively Rc and
Vc.
Finally, Gong (2006) and Lewellen et al. (2008) introduced a set of dimensionless pa-
rameters capturing the leading effects of fine debris on tornado flows (these parameters are
described in detail in Chapter 4 and used extensively in the present work).
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Figure 1.6: Two measures of near-surface intensification versus corner flow swirl ratio, show-
ing peak intensification at about SC = 1.4. From Lewellen et al. (2000).
12 CHAPTER 1. INTRODUCTION
Chapter 2
Large eddy simulation model
The large eddy simulation (LES) model used in this work was previously developed as
part of a longstanding effort to understand tornado dynamics and structure (e.g. Lewellen
and Lewellen (2007a,b); Lewellen et al. (2000, 2008, 1997)). Here, a brief summary of the
simulation code as well as typical initial and boundary conditions are presented, and the
default run parameters and procedures are discussed.
2.1 Air dynamics
It is currently unfeasible to perform direct numerical simulations of tornadoes due to the
large range of length scales involved. Approximately 1019 grid points would be required to
resolve a 2 km wide and tall cube containing a tornado at a resolution commensurate with
the viscous length scale (∼1 mm3). Large eddy simulations (LES) circumvent this restriction
by solving the Navier-Stokes equations explicitly only for those eddies most important to
turbulent transport and modeling the energy transport into smaller, unresolved eddies. For
tornadoes the relevant length scale of the most important eddies is on the order of tens of
meters (Lewellen et al., 1997). The major drawbacks of this approach are that it requires
a choice of subgrid turbulence parameterization and the grid points must be spaced closely
enough to resolve the smallest important eddies.
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Technical details of the LES code utilized are given in Lewellen et al. (2008, 1997) and
summarized here.
The continuity and momentum equations for unsteady, incompressible air flows are solved
on a three-dimensional grid independently stretched along each dimension, using second-
order spatial differencing and a leapfrog scheme in time. With velocity components ui,
uniform density ρ, and pressure p, the equations are:
∂ui
∂xi
= 0 (2.1)
∂(ρui)
∂t
+
∂
∂xj
(ρuiuj) =
∂
∂xj
(−pδij + τij) + Fdi (2.2)
Summation over repeated indices is implied. Note the presence of the air-debris drag force
Fdi in the momentum equation, which is discussed in the next section.
Subgrid dynamics are implemented through the subgrid stress tensor, τij, which takes
the form
τij = −ν(dui
dxj
+
duj
dxi
)− δijq2/3 (2.3)
where ν is the turbulent eddy viscosity, defined below, and q2 is twice the subgrid turbulent
kinetic energy. The quantity q2 evolves according to
dq2
dt
+
d(uiq
2)
dxi
= −2τij dui
dxj
+
d
dxi
(Kdq2/dxi)− q
3
4Λ
(2.4)
K = qΛ/3 , ν = qΛ/4 (2.5)
Λ = min(c1max(∆x,∆y,∆z), .65z, .5q/N, .5q/ξ) (2.6)
where Λ is the subgrid turbulence length scale (representing the sizes of subgrid eddies)
and is limited by the local grid spacing (through ∆x,∆y,∆z), the distance to the surface
(through z), and the characteristic displacement of a fluid parcel in a stably gravitationally
stratified background fluid or a rotational gradient (through q/N or q/ξ, where N and ξ are
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parcel oscillation frequencies in the respective environments).
Based on the methodology laid out in Lewellen et al. (1997) and later references, bound-
ary flow conditions are imposed on the sides, top, and bottom of a 2 km-wide and tall cube,
reflecting conditions that might occur on kilometer scales within a thunderstorm (although
no attempt is made to simulate any particular storm that has occurred in the field). More
specifically, angular momentum and radial inflow profiles are specified versus height on the
lateral boundaries, and except within a user-specified disk within which outflow conditions
may be specfied, the upper boundary flow is initially adjusted to ensure global mass con-
servation. A zero-slope condition is imposed on tangential components of outflow on the
lateral and top boundaries, and a no-slip condition is imposed at the surface with a surface
roughness length, z0. Typical boundary flow conditions used in this work are outlined in
Section 2.3.
2.2 Debris dynamics
The assumption is made that the volume fraction occupied by debris is much less than
one; this ensures that debris has no effective internal pressure due to debris-debris collisions.
The two-fluid “dusty gas” momentum and continuity equations used to model a single debris
species, with velocity components udi and variable mass density ρd, are as in Lewellen et al.
(2008); Marble (1970):
∂ρd
∂t
+
∂(ρdudi)
∂xi
= 0 (2.7)
∂(ρdudi)
∂t
+
∂
∂xj
(ρdudiudj) =
∂τ dij
∂xj
− Fdi − ρdgδi3 (2.8)
where the debris subgrid stress tensor, τ dij, is treated analogously to air, using the same
subgrid turbulent kinetic energy and length scale. Note the presence of gravitational forcing
on the debris (e.g. the third term on the righthand side of Equation 2.8).
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The air-debris drag force is given by
Fdi = ρd
udi − ui
τv
(2.9)
τv =
4d2σ
3µCDRep
(2.10)
CD ≈ 24
Rep
+
6
1 +
√
Rep
+ 0.4 (2.11)
Rep ≡ ρd|~ud − ~u|/µ (2.12)
where σ and d are the debris particle mass density and diameter, respectively, µ is the
air viscosity, CD is an empirically derived drag coefficient for a spherical particle valid for
Rep < 2 × 105 (White, 1991), and Rep is the particle Reynolds number. In the simulation
set Rep is generally well below the upper range of validity for Rep; for example, using typical
simulation parameters of ρ = 1 kg m−3, d ∼ 1 mm, µ = 1.78 × 10−5 kg m−1 s−1, and
|~ud − ~u| ∼ wt ∼ 10 m s−1 (where wt is the debris terminal velocity in freefall) produces
Rep ∼ 500.
The LES code enables multiple debris species to be simulated simultaneously. There are
no coupling terms between individual debris species since each is considered to be “pressure-
less”, though they do couple indirectly through their respective interactions with air. Various
limits are imposed on debris fields to avoid instabilities uniquely associated with simulat-
ing a pressureless fluid under the influence of a drag force, as outlined in the Appendix of
(Lewellen et al., 2008).
The remaining implementation involves the surface fluxes of debris mass and momentum.
The motion of a particles in a surface layer is governed largely by Shields’ parameter
τ ∗ =
√
ρu2∗
σdg
(2.13)
where u∗ is the friction velocity. τ ∗ is essentially a nondimensionalization of the shear stress
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at the surface and can be thought of as the ratio of the aerodynamic force exerted on a
particle to the particle’s weight. Lewellen et al. (2008) pointed out that the two regimes
of most relevance to debris-laden tornadoes are saltation (bouncing of particles along the
surface) and lofting; the former occurs for 0.01 < τ ∗ < 1 while the latter occurs for τ > 1. In
direct analogy in the LES code, debris may become entrained in the near-surface flow through
two mechanisms: lofting by the subgrid turbulent airflow or lofting through collisions with
debris that has already been lofted. Including the flux of debris returning to the surface, the
total vertical debris flux at the surface is modeled in three pieces:
Wa0 = caq1 for
ρq21
σdg
> ct (lofting by subgrid turbulence) (2.14)
Wd0 = cdD1u∗d for
ρu∗2d
σdg
> ct (lofting through debris impacts) (2.15)
W−0 = cbW1 for W1 < 0 (downward surface debris flux) (2.16)
where u∗d is the debris friction velocity, ca, cd, and cb are simulation parameters controlling
the relative importance of each term, ct is a threshold parameter for lofting, and default
choices of the coefficients are ca=0.12, cd=0, cb=1, ct=0.5. Subscripts of 1 refer to quantities
taken at the first grid point above z = 0. The total debris flux to the surface is given by the
sum of the three contributions in Equations 2.14-2.16:
W0 =Wa0 +Wd0 +W−0 (2.17)
The vertical flux of vertical debris momentum to the surface is modeled using three terms
as well:
wdW0 =Wa0 q1 +Wd0u∗d + (2− cb)wd1W−0 /cb (2.18)
The first two terms represent momentum fluxes analogous to equations 2.14 and 2.15, and
the third term represents the momentum flux carried by debris impinging upon the surface.
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Setting cb = 0 causes all debris to bounce elastically (the corresponding momentum flux is
then twice the momentum flux carried toward the surface by the particle before impact),
and setting cb = 1 corresponds to all particles sticking upon impact.
Finally, the vertical flux of horizontal debris momentum to the surface is:
wdU0 = −U1
u∗2d
|~ud1| + cuU1W
−
0 /D1 (2.19)
and likewise for V1, where U1 and V1 are horizontal debris momentum components at the
first grid point above the surface, and cu is a simulation parameter controlling the relative
importance of contributions from debris (typically, cu=1). The first term models frictional
losses to the surface and the second term represents the vertical flux of horizontal momentum
carried by falling debris particles. Setting cu = 0 ensures that debris loses no horizontal
momentum to the surface upon impact.
One of the chief limitations of this model is in the fluid approximation used for debris.
All debris particles in a grid cell are assumed to have the same trajectory; this assumption
fails when debris particles entering a grid cell have very different histories (e.g. collision of
two jets of debris). Tests were previously run using a variety of configurations (Gong, 2006;
Lewellen et al., 2008), showing that simulation results were reasonably robust to the fluid
approximation employed. Also, there is considerable uncertainty in choosing values for the
surface parameters ca, cd, cb, ct, cu, and debris availability level. No attempt has been made
to correlate with any particular real surface; however the surface parameters and availability
have been varied as tests of sensitivity (detailed in Chapter 3).
2.3 Simulation procedures and default parameters
Generally, a simulation was started by interpolating the flow field from a non-debris case
onto a selected grid. The desired air flow boundary conditions and tornado translation speed
were applied, and the simulation was run to a quasisteady state without debris to eliminate
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dependence on the initial conditions. If debris was desired, the simulation was stopped and
the flow field regridded in the presence of a surface debris source. The simulation was then
run to a new quasisteady state, allowing the debris cloud to develop self-consistently.
Constant angular momentum of Γ∞ = 5000 − 15000 kg m2 s−1 was imposed on the
lateral boundaries above a height of 10 m. Below 10 m, Γ∞ was in some cases set constant;
in other cases Γ∞ was interpolated to zero to simulate depletion of near-surface angular
momentum outside the simulation domain. Constant convergence of 0.010-0.015 s−1 was
usually imposed all the way to the surface. Properties of the vortex aloft were sometimes
tailored by applying a central downdraft of up to w = 15 m s−1 at the top boundary within
a disk of radius 50− 200 m. The surface roughness length was set to z0 = 0.02 m (modeling
a grassy lower boundary), and the surface-relative vortex translation speed was set within
the range Utrans = 1− 35 m s−1.
The majority of simulations employed an unlimited surface source comprised of a single,
sand-like debris species with σ/ρ ∼ 2000 and d ∼ 1 mm. Such a debris type is representative
of the fine soil expected to be present in the field (Soil Survey Staff, 1999). In select cases the
amount of debris at the surface was set to 1 kg m−2 to explore the effects of limited debris
availability. There is an insensitivity in the LES code (discussed in more detail in Section
3.4.3) that allows connections to be drawn between simulations of tornadoes carrying heavy,
fine debris (e.g. sand) and tornadoes carrying light, large debris (e.g. corn stubble).
Most simulations were performed on a desktop computer with an 8-core Intel Xeon pro-
cessor with clock speed 2.40GHz; up to 14 simulation runs were executed simultaneously.
Typically, a 150x150x113-point stretched grid was used to simulate a 2 km3 domain with
finest central horizontal resolution of 5 m and finest vertical resolution of 1.0 m at the sur-
face. This choice of grid structure provided adequate resolution of the most important flow
features while not being prohibitive in terms of the processing times required. To solve
the LES equations over 100 s of simulated time, it usually took a few hours of processing
time in the absence of debris and about a day in the presence of one debris species, with
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the processing time increasing roughly linearly with the number of additional debris species.
Debris types that experienced significant slip velocities in various portions of the flow tended
to require higher processing times due to smaller timesteps forced by stability limits on the
debris fields. Much finer central horizontal resolution (e.g. 2 m) led to processing times of
weeks to solve for 100 s of flow in the presence of one debris species, precluding generation
of a large body of very high-resolution runs.
Chapter 3
Simulation of surface tracks
Collections of simulated surface tracks are introduced in this chapter, the general physical
origins of the most prominent surface marks are outlined, and sensitivities of the marks to
simulation parameters are discussed. The simulation runs referred to in various figures are
described in the Appendix.
3.1 Surface track accounting and measures
As implemented in the LES code utilized, separate tracks of cumulative removal and
total deposition were collected by integrating respectively the upward and downward debris
fluxes at the surface as the tornado moved over each surface track grid point (Lewellen
et al., 2008). The physical signature is the difference between the two (i.e. deposition minus
removal, the net debris deposition). Sample surface tracks of net deposition for two sets
of tornadoes, with members moving at different translation velocities, are shown in Figures
3.1 and 3.2. Also provided for comparison are sample horizontal slices of the instantaneous
fields responsible for the debris fluxes as they sweep over the surface and evolve in time.
The appearances of the surface tracks are of primary concern here, but for reference the
peak removal and deposition levels in the figures represent sand layer depths of order a few
centimeters. Intensity levels have been chosen to clearly show prominent marks without
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saturation of the most important features. The sudden cutoff of the righthand portion of the
track in Figure 3.1, panel (a) is simply due to the shorter length of track simulated relative
to the tracks in panels (b,c).
Unless otherwise stated, tornado translation is taken to be to the right when viewed
from above and tornado rotation is cyclonic (counterclockwise). For ease of discussion, the
translation velocity vector ~Utrans (which is steady in time for all of the simulations) is taken
to point toward the “front” of the tornado; the tornado’s “left” and “right” would be to a
ground-based observer’s respective left and right when looking along ~Utrans.
In addition to tracks of net sand removal/deposition, the LES code collects peak and time-
integrated measures of: debris flux to and from each surface point, upward and downward
wind speeds at z=1.0 m height, ground-relative horizontal wind speeds at z=0.5 m, pressure
drop at the surface, and subgrid turbulent kinetic energy at z=0.5 m. Samples of these fields
for the most swiftly-translating runs in Figures 3.1 and 3.2 are shown in Figures 3.3-3.5.
Simulated directional markers have also been implemented in the LES code, recording the
local windspeed vector at 0.5 m height at the first and last time it exceeds a given threshold
(e.g. Figures 3.6 and 3.7). The former behave much like cornstalks that blow over and
immediately become stuck to the ground, and the latter behave like cornstalks that remain
rooted but change direction with the local wind until the tornado passes. No attempt has
been made to correlate the “cornstalk” marker signals (or any other damage track field) with
the potential for damage to man-made structures (e.g. the Enhanced Fujita scale (McDonald
and Mehta, 2006)), as this requires assumptions about engineering and integrated time of
interaction with a tornado. Simulated, stationary, surface probes have also been implemented
to allow comparison between the time history of the flow and hydrodynamic data collected
by in situ instrumentation in the field (e.g. Figure 3.8).
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Figure 3.1: Representative surface tracks of net debris deposition (left column) and instan-
taneous debris flux at the surface (right column) for sample high-swirl tornadoes moving to
the right at (a,b) 5 m/s, (c,d) 15 m/s, and (e,f) 25 m/s (runs dmg2059, dmg2014, dmg2060,
respectively). Cool colors represent net removal of debris while warm colors represent net
deposition. Peak sand layer depths are on the order of a few cm, with intensities scaled by
U−1trans/Vc . The lateral dimensions are 800 m.
24 CHAPTER 3. SIMULATION OF SURFACE TRACKS
Figure 3.2: As in Figure 3.1 except for a sample of medium-swirl tornadoes. Note the
transition here from the primarily cycloidal marks seen in Figure 3.1 to sets of longer, arcing
marks and deposition of fully lofted debris to one side of the tornado. Runs are (a,b) dmg2049,
(c,d) dmg2011, (e,f) dmg2052.
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Figure 3.3: Deposition and peak measures for the case of Figure 3.1e,f (run dmg2060): (a,b)
net deposition; (c,d) peak horizontal velocity at z=0.5 m; (e,f) total removal; (g,h) peak
subgrid turbulent kinetic energy at z=0.5 m; (i,j) total deposition; (k,l) peak downward
windspeed at z=1.0 m; (m,n) peak pressure drop at z=0.5 m; (o,p) peak upward windspeed
at z=1.0 m.
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Figure 3.4: Deposition and peak measures as in Figure 3.3 except for the medium-swirl case
in Figure 3.2e,f.
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Figure 3.5: Time-integrated measures for (left column) the high-swirl case in Figure 3.1e,f
(run dmg2060) and (right column) the medium-swirl case in Figure 3.2e,f (run dmg2052):
(a) pressure drop at z=0.5 m; (b) horizontal windspeed at z=0.5 m; (c) subgrid turbulent
kinetic energy at z=0.5 m; (d) downward vertical windspeed at z=0.5 m.
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Figure 3.6: Directional wind markers taken at the first grid point above the surface for a
collection of high-swirl tornadoes moving at (left column) Utrans = 5 m s
−1 (run dmg2059)
and (right column) Utrans = 25 m s
−1 (dmg2060). The wind directions shown were taken
at the last instant that the local surface-relative windspeed exceeded (top row) 29.1 m s−1,
(middle row) 38.0 m s−1, and (bottom row) 49.2 m s−1 commensurate with EF-scale levels
1, 2, and 3. Wind directions taken at the first instant that wind thresholds were exceeded
do not look greatly different than the plots shown here and in Figure 3.7.
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Figure 3.7: As in Figure 3.6, except for a collection of medium-swirl tornadoes. Left column:
run dmg2049, moving at 5 m s−1; right column: run dmg2052, moving at 25 m s−1.
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Figure 3.8: Top row: simulated time-dependent pressure traces taken by an array of sta-
tionary probes at z = 0.5 m (pressure measurements are in units of Pa). Bottom row:
sample traces from individual probes at varying lateral y-location. Panels (a,c) show data
from a medium-swirl case (run dmg2011); panels (b,d) show data from a high-swirl case (run
dmg2014).
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3.2 General origins of surface marks
There are five identifiable components to the surface debris flux: deposition and removal
in the inflow layer, deposition and removal in the interior corner flow, and deposition of
fully lofted debris. Each is responsible for different features of the debris tracks produced,
with their relative intensities depending on tornado type, debris properties, and surface
properties. Interpretation of surface marks is complicated because they are produced by a
convolution of events in time and space, for example patches of removal towards the front of
the tornado being overrun subsequently by patches of deposition. In general, it was found
that the origin of even some very pronounced marks can involve the interaction of several
factors and therefore change significantly and in complicated fashion as cases are varied.
Removal signatures generally correlate with subgrid turbulent kinetic energy, as expected
from the debris pickup parameterization (cf. Equation 2.14); this claim is supported by the
similarities in patterns of net removal and peak subgrid turbulence intensity in Figures 3.3e-h
and 3.4e-h. Contrary to historical interpretations of surface marks, secondary vortex paths
were found not to correlate strongly with intense deposition marks (e.g. compare the net
deposition and peak pressure drop tracks in Figures 3.3a,m and 3.4a,m). Similar comparisons
between net deposition patterns and the other measures in Figures 3.3-3.5 reveal that the
strongest net deposition signatures do not, in general, correlate well with any of the peak or
time-integrated measures collected.
The most prominent central deposits are often from debris left behind when flow turns
sharply upward in the corner flow region, typically in a loose annulus or arc (e.g. the central
deposition marks in Figures 3.1b,d,f). Finer-scale alternating deposition and removal marks
away from the central region are typically traceable to patterns of inflow rolls in the surface
layer and are often more prominent for higher vortex translation speeds (e.g. the long, arcing
deposition swaths in Figure 3.2c,e; see also Figure 5.19). More extensive swaths of deposition
away from the center are typically from lofted debris (e.g. the diffuse deposition marks found
to the tornado’s right in Figure 3.2a,c).
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Figure 3.9: Surface deposition/removal tracks (panels a,c) and sample instantaneous debris
fluxes to the surface (b,d) for two idealized medium-swirl simulation cases. In (c,d) a surface
track is artificially collected from a non-translating (and therefore axisymmetric in the mean)
tornado as if it were moving at 15 m/s; otherwise this case can be directly compared with
that in (a,b), which is also shown in Figure 3.2. From Lewellen and Zimmerman (2008).
Asymmetries in the near-surface flow, such as those from the vortex translation, play a
critical role in the appearance of the simulated tracks (see, for example, Figure 3.9). The
addition of translation to a cyclonic vortex has several effects. In the far-field it can lead to
more removal on the right where the swirl and translation velocities add. However, it also
tends to tilt the vortex (typically right and rearward near the surface relative to the vortex
center aloft) which can lead to greater removal to the left and front. The accompanying tilt of
the debris cloud leads to asymmetric deposits of lofted debris, typically right and rearward.
It affects the appearance of the central deposition by making the corner flow updraft just
off the surface less symmetric, and it often produces trains of debris-laden inflow rolls that
deposit debris behind the central vortex.
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3.3 Turbulent variability of surface tracks
Some deposition tracks are qualitatively uniform over a great length, as in Figure 3.10a. In
this case a relatively short length of track (i.e. only one or two times Rc aloft) is adequate
to estimate the radius and shift of cycloidal marks relative to the flow aloft and to get a
qualitative sense of the spacings between marks and the complete set of marks present. Al-
though turbulent surface rolls modulate the intensity of deposition and removal as they sweep
through the extended inflow region (e.g. see Figure 3.1b), their time-integrated signature
is one of overall removal. The near surface deposition pattern shows some variability under
the central vortex, where the strongest marks are laid down (e.g. Figure 3.11); however, the
resulting set of marks in Figure 3.10a is quite uniform in character.
On the other hand, some tracks exhibit a considerable amount of variability as the tornado
moves along, as in Figure 3.10b. It can be seen from the corresponding time progression
of surface debris flux in Figure 3.12 that deposition under the central vortex, deposition by
surface rolls trailing the main vortex, and deposition of lofted debris all fluctuate over time,
competing to create the strongest marks. One would require a long portion of the track
(i.e. perhaps 5-10 Rc) to draw conclusions about the full population of marks or at least to
capture a few distinct marks for analysis.
The key point is that the most complete information is carried by sets of marks over
some length of track rather than individual marks taken alone.
3.4 Sensitivities to simulation parameters
3.4.1 Sensitivities to surface parameterization
There is considerable uncertainty in the parameterization of the debris pickup off the
surface, much of it reflecting real physical variability in conditions (e.g., soil moisture content,
debris shape, presence of vegetation, debris availability, etc.). However, the sensitivity to
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Figure 3.10: Deposition tracks from (a) the high-swirl case from Figure 3.1a (dmg2059) and
(b) the medium-swirl case from Figure 3.2e (run dmg2052), where only the positive parts
of the net deposition signals have been plotted. Comparison of (a) and (b) demonstrates
differences in turbulent variability between tracks produced by different simulated tornadoes.
Lateral dimensions are 600 m; the vortex diameter aloft is about (a) 400 m and (b) 220 m.
White regions map to 0 kg m−2 and the darkest regions map to (a) 130 kg m−2 and (b) 30
kg m−2.
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Figure 3.11: Instantaneous snapshots of vertical debris flux at the surface at 150 m intervals
across the track in Figure 3.10a (run dmg2059), showing little turbulent variability. Deep
red/blue correspond respectively to flux levels of +/- 2 kg m−2 s−1. The plot dimensions are
600 m.
Figure 3.12: As in Figure 3.11, except for the track in Figure 3.10b (run dmg2052), showing
some turbulent variability. Deep red/blue correspond respectively to flux levels of +/- 2 kg
m−2 s−1. The plot dimensions are 600 m, and in order to show the most important flow
features the area plotted trails the vortex center aloft by 100 m (with respect to the direction
of vortex translation).
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surface conditions is reduced by a negative physical feedback between near-surface debris
removal and mass loading, as described in Section 1.2. Surface parameters have been varied
as tests of sensitivity but no attempt has been made to correlate any particular choices with
specific natural surfaces.
The parameters varied are those controlling the relative importance of different contri-
butions to the vertical debris flux at the surface (c.f. Equations 2.14-2.16): ca (controlling
the amount of debris removed by local subgrid turbulence), cd (controlling the amount of
debris removed by collisions with lofted debris), and ct (the wind threshold for removal of
debris from the surface), cb (controlling the amount of debris that sticks upon impact), and
cu (controlling the amount of horizontal momentum transferred to the surface during debris
impacts).
Variation of tracks with ca
Figures 3.13 and 3.14 show deposition and instantaneous debris flux patterns for a collection
of tornadoes with ca ranging from 0.04 to 0.36. Increasing ca causes more debris to be
removed by a given wind level; indeed, absolute total deposition levels followed along with
ca among each swirl class represented in Figures 3.13 and 3.14, as did the total debris loadings
aloft (e.g. Table 3.1).
In the medium-swirl regime, raising ca favored deposition underneath the central vortex
over deposition in the far field. Though the total debris cloud mass grew with ca, the
amount of debris lofted relative to the total removed decreased with ca (e.g. Table 3.1).
These observations are consistent with a weakened near-surface radial inflow due to enhanced
debris loading, leading to a weakened central updraft and ultimately causing a larger fraction
of debris to be left behind underneath the corner flow upturn. The medium-swirl track at
ca = 0.36 (e.g. Figure 3.13e) qualitatively resembles the high-swirl track at the same value of
ca (e.g. Figure 3.13f), with central, cycloidal-like deposition flanked by signatures of inflow
rolls; this is consistent with increased effective Sc.
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Figure 3.13: Deposition tracks from simulated medium- and high-swirl tornadoes (left and
right columns, respectively) with different removal parameter ca. Top to bottom: ca =
0.04, 0.12, 0.36. Grayscales are multiplied by ca/0.12 to provide similar intensities across the
entire set. The darkest shade of gray in the middle row corresponds to deposition levels
of (left column) 30 kg m−2 and (right column) 60 kg m−2. Lateral dimensions are 800 m.
Simulation runs are (a) dmg2274, (b) dmg2277, (c) dmg3026, (d) dmg2082, (e) dmg2247, (f)
dmg2276.
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Figure 3.14: Instantaneous snapshots of surface debris flux for the cases in Figure 3.13
(panels a-f in this Figure correspond respectively to panels a-f in Figure 3.13).. Colorscales
are multiplied by ca/0.12 to provide similar contrast between deposition and removal across
the entire set. The deepest shades of red/blue in the middle row correspond to surface debris
fluxes of +/- 3 kg m−2 s−1. Lateral dimensions are 800 m.
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Name ca Sc Deposition per length Loading above 10 m Loading below 10 m
(kg m−2 m −1) (×106 kg) (×106 kg)
dmg2274 0.04 3.0 0.08 0.97 0.37
dmg3026 0.12 3.0 0.15 1.71 1.31
dmg2247 0.36 3.0 0.39 2.58 4.62
dmg2277 0.04 12.4 0.08 0.59 0.68
dmg2082 0.12 12.4 0.26 1.01 2.28
dmg2276 0.36 12.4 0.83 1.41 7.26
Table 3.1: Statistics on debris loading and net deposition under different values of the surface
parameter ca (from the runs represented in Figure 3.13).
Variation of tracks with cd and ct
Figures 3.15 and 3.16 show deposition patterns and debris fluxes for a collection of torna-
does with cd = 0.00, ct = 0.50 and cd = 0.30, ct = 2.0. Increasing cd enabled more debris to
be released by collisions with lofted debris; however, simultaneously increasing ct raised the
lofting threshold enough to overcome the effects of cd. The most prominent changes between
the two sets of tracks are in the lateral extent of removal (cf. contours of removal in Figure
3.15a,c). Near-surface winds far from the central vortex were rendered incapable of remov-
ing far-field deposits due to increased ct (e.g. the appearance of left-hand deposits in Figure
3.15c,d). Otherwise, the tracks were largely insensitive to the modest changes imposed on
cd and ct; the medium-swirl cases both exhibited evidence of deposition by inflow rolls, and
the high-swirl cases contained cycloids with roughly the same lateral extent and apparent
spacing.
Variation of tracks with cb
Figure 3.17 shows deposition patterns and debris fluxes for a collection of tornadoes with
cb ranging from 0.25 to 1.00. cb controls the fraction of debris that sticks upon impact. The
most striking change when lowering cb from its default value of 1.00 to 0.25 (thus decreasing
the fraction of debris that sticks to the surface upon impact from 100% to 25%) is that the
prominent marks become “smeared out” across the surface. Also, the alternating up/down
debris fluxes that lead to arc-like features in the track of Figure 3.17a are strongly suppressed
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Figure 3.15: Sample surface tracks for (left column) medium- and (right column) high-swirl
tornadoes with different surface parameters cd and ct (top: cd = 0.00, ct = 0.50, bottom:
cd = 0.30, ct = 2.0). Lateral dimensions are 800 m and the darkest shades of gray correspond
to a deposition level of (left column) 30 kg m−2 and (right column) 60 kg m−2. Contours
correspond to a removal level of 2 kg m−2; the lateral spatial extent of removal decreases
with increasing ct. Simulation runs are (a) dmg2052, (b) dmg2060, (c) dmg3306, (d) dmg2042.
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Figure 3.16: Sample instantaneous surface debris fluxes for the tracks in Figure 3.15. Lateral
dimensions are 800 m and the deepest shades of blue/red correspond to debris flux levels of
+/- 3 kg m−2.
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Name cb cu Sc Deposition per length Loading above 10 m Loading below 10 m
(kg m−2 m −1) (×106 kg) (×106 kg)
dmg2052 1.00 1.00 3.0 0.15 1.71 1.31
dmg2283 0.25 1.00 3.0 0.15 2.14 4.01
dmg2082 1.00 1.00 12.4 0.26 1.01 2.28
dmg2282 0.25 1.00 12.4 0.31 1.25 6.48
Table 3.2: Statistics on debris loading and net deposition under different values of the surface
parameter cb (from the runs represented in Figure 3.17). Debris loadings are taken above
and below 10m, which in these cases effectively separates the debris populations that do and
do not follow the corner flow aloft.
at lower cb in the track of Figure 3.17c. Decreasing cb by a factor of 4 between the medium-
swirl test cases (dmg2052/dmg2283) increased the near-surface debris loading by almost a
factor of 4 while leaving the mean deposition per unit length unchanged (e.g. Table 3.2).
Overall, the tracks exhibited sensitivity to cb. However, cycloidal marks and signatures of
inflow rolls created in the parameter regime where cb ∼= 1 will likely be largely undetectable
in the field due to their more-diffuse character. Linear signatures like that in the medium-
swirl track of Figure 3.17 may be detectable in the field; however, they are similar to linear
signatures in other medium-swirl cases (e.g. Figure 5.7) and may still provide a qualitative
indication of the tornado type. Also, it is unclear that the low-cb limit is physical in that
any real, statistically rough surface will contain obstructions to bouncing debris (e.g. leafy
crops and variations in the local slope of the surface), the surface may be effectively sticky
from rain (e.g. mud), and even a heavily debris-laden, dry surface (e.g. a sand pit) will have
cb near 1.
3.4.2 Grid resolution
Sensitivity checks were performed to explore the effects of grid resolution on the appear-
ance of tracks. Figures 3.20 and 3.19 show surface tracks for two collections of tornadoes
with Sc = 3.0 and Sc = 12.4 with different horizontal grid resolution across a region at the
center of the simulations.
In the high-swirl regime (e.g. Figure 3.20) changes in central grid resolution have little
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Figure 3.17: Sample surface tracks for (left column) medium- and (right column) high-swirl
tornadoes with different surface parameter cb (top: cb = 1.00, bottom: cb = 0.25). Lateral
dimensions are 800 m and the darkest shades of gray correspond to a deposition level of (left
column) 30 kg m−2 and (right column) 60 kg m−2. Simulation runs are (a) dmg3026, (b)
dmg2082, (c) dmg2283, (d) dmg2282.
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Figure 3.18: Sample instantaneous surface debris fluxes for the tracks in Figure 3.17. Lateral
dimensions are 800 m and the deepest shades of blue/red correspond to debris flux levels of
+/- 3 kg m−2 s−1.
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effect on the types and intensities of marks populating the tracks. At higher resolution, finer-
scale detail becomes evident and frequent arcs can be seen in the far field in faster-moving
cases. The extra fine-scale features imply a higher cycloidal multiplicity; however, the most
prominent marks occur at approximately the same spacing as those in lower-resolution runs,
as evidenced by Figure 3.21.
As the central resolution is increased, medium-swirl cases exhibit slight changes in the
character of far-field deposition at 5 m s−1 translation speed (cf. Figure 3.19a,b). At 25
m s−1, wave modulations of far-field deposition occur to the right of the tornado. The
physicality of these marks is called into question because their intensities vary strongly with
grid resolution. Lateral scales of cycloidal deposition (when present) are roughly invariant
to changes in the grid resolution at both swirl ratios explored in this sensitivity test.
Increasing the grid resolution by a factor of two over a larger area around the center of the
simulation increases the required processing time from days to weeks, making it impractical
for large sets of simulations. The present study focuses on the more robust marks (e.g.
cycloids, trailing arcs, far-field swaths) rather than ones that appear resolution sensitive.
3.4.3 Sensitivities to σ and d for constant σd
At high particle Reynolds number Rep (cf. Equation 2.12), the particle density and
diameter, σ and d, appear in the modeled equations only in the combination σd, to a good
approximation. Thus, results for “coarse sand” with σ ∼ 2000 kg m−3and d ∼ 1 mm are also
relevant to much larger debris of lower density (e.g. short lengths of dried cornstalk). This
has been verified by varying σ and d independently while holding their product constant
in different tornado regimes. Figure 3.22 shows sample damage tracks for medium- and
high-swirl tornadoes from this experiment.
Variations in the extent of debris removal and the importance of far-field deposits is
correlated with changes in debris terminal velocity, wt (cf. Equation 4.3) induced by changes
in d. As d is decreased, Rep also decreases and the drag coefficient CD (c.f. 2.11) becomes
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Figure 3.19: Net deposition patterns from simulated medium-swirl tornadoes with different
central resolution. Translation velocities increase from top row to bottom row: 5 m/s, 15
m/s, and 25 m/s, respectively. Minimum central grid spacing decreases from left column to
right column: 8 m, 5 m, and 2 m, respectively. Runs are: (a) dmg2033, (b) dmg2049, (c)
dmg2049e, (d) dmg2026, (e) dmg2011, (f) dmg2011e, (g) dmg2032, (h) dmg2052, (i) dmg2052e.
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Figure 3.20: Net deposition patterns from simulated high-swirl tornadoes with different
central resolution. Translation velocities increase from top row to bottom row: 5 m/s, 15
m/s, 25 m/s. Minimum central grid spacing decreases from left column to right column: 8
m, 5 m, 2 m. Runs are: (a) dmg2035, (b) dmg2059, (c) dmg2059e, (d) dmg2028, (e) dmg2014,
(f) dmg2014e, (g) dmg2034, (h) dmg2060, (i) dmg2060e.
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Figure 3.21: (a) Deposition track from Figure 3.20d; (b) deposition track from Figure 3.20f,
showing finer-scale features than in (a); (c) deposition track from (b) after postprocessing
with gaussian filter of width comparable to the grid resolution in (a), retaining only the
strongest coarser-scale features.
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nonlinearly dependent on Rep; in the low Rep regime, wt can be sensitive to changes in d,
even if σ is adjusted to hold the product σd constant. It must be noted that some choices
of σ and d in Figure 3.22 are unphysical in that an unlimited surface source of large, low-
density debris is unlikely in the field. However, this test demonstrates the relative numerical
insensitivity of damage tracks to the balance between σ and d, enabling comparisons between
a wide range of σ and d without actually running the respective simulations.
3.5 Multiple debris species
Most simulations were performed with a monodisperse debris species available at the
surface (i.e. all debris particles possessed the same σ and d). However, in the field a distri-
bution of debris can be expected. Simulations with multiple debris species were performed
to gain insight into tornado structure in the presence of more-continuous distributions of
debris. Figure 3.23 contains results from a subset of simulations which have three types of
debris available at the surface (with respective σd =1 kg m−2, 4 kg m−2, and 8 kg m−2).
In each multispecies run, the deposition patterns of individual constituent species quali-
tatively match one another to a large degree, which is largely a consequence of the coupling
between individual species and the air flow. There is some variation in the subset of marks
populated by each debris type; for example, lighter species (i.e., lower σd) tend to produce
relatively intense far-field deposition (cf. panels a and j of Figure 3.23) compared with the
tracks of heavier species.
It is important to note that the total multispecies deposition tracks of Figure 3.23 qual-
itatively resemble individual single-species tracks in Figure 3.24. The surface debris pickup
parameter ca for constituent species is important when drawing such comparisons; for ex-
ample, ca = 0.04 for each constituent species in the multispecies track of Figure 3.23j, which
qualitatively compares with that of the single species run with ca = 0.12, σd = 3 kg m
−2 in
Figure 3.24g. Likewise, ca = 0.12 for each consitutent species in the multispecies track of
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Figure 3.22: Surface tracks from (left column) medium-swirl and (right column) high-swirl
cases with different σ and d while holding the product σd = 2 kg m−2 constant. Variations
in the tracks come from changes induced in wt in the low particle Reynolds number regime.
(a,c,e) Utrans = 25 m s
−1, wt = 6.1, 10.3, 10.9 m s−1, respectively, with σ = 20000, 500, 100 kg
m−3 and d = 0.2, 8, 40 mm. (b,d,f) Utrans = 15 m s−1, wt = 3.7, 7.1, 7.5 m s−1, respectively,
with σ = 11330, 250, 100 kg m−3 and d = 0.177, 8, 20 mm. Simulation runs are (a) dmg2288,
(b) sig2015, (c) dmg2180, (d) dmg2181, (e) dmg2185, (f) sig1115.
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Figure 3.23k, which is roughly comparable to the single species track with ca = 0.36, σd = 8
kg m−2 in Figure 3.24l. In both multispecies cases, ca for the constituent species is one third
that of the single-species cases, producing the same total surface debris removal at a given
wind level.
However, it is not clear that ease of debris removal will be constant across the entire
spectrum of available debris in the field. Figure 3.23k shows results from a multispecies test
of the effects of nonuniformity in ca between constituent species. The debris loadings aloft in
the respective single-species cases (e.g. the cases of Figures 3.24a,j,k, with respective σd =1
kg m−2, 4 kg m−2, and 8 kg m−2) give some indication of what the ease of lofting of each
species might be when made available together at the surface. For example, lighter species
are more readily collected and lofted by the tornado as a whole, so in the presence of a given
local wind level lighter species will likely constitute a greater debris flux than heavier species.
As such, the values of ca for the individual species of Figure 3.23c,f,i were scaled by the
debris loadings aloft in their respective single-species runs. The lightest species (e.g. Figure
3.23c), with σd = 1 kg m−2, dominated the qualitative character of the total deposition
track due to its significant contribution to the total surface debris flux. As in the other
multispecies cases, the total track in this case qualitatively matched a given single-species
track (e.g. Figure 3.24c, with ca = 0.12, σd = 1.5 kg m
−2).
These observations potentially simplify comparisons between single-species simulation
results and real surface marks created in the presence of a continuous distribution of debris.
It is plausible that surface marks in the presence of a debris continuum will be similar to
that of a monodisperse debris population with an “effective” σd and ca. All parts of the
debris continuum will likely contribute to some subset of the most prominent marks, rather
than individual parts of the spectrum creating vastly different patterns on the ground.
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Figure 3.23: Deposition tracks for multispecies runs with different subgrid turbulence debris
pickup parameter ca. Each simulated tornado is moving to the right at 25 m/s and has
three species: (top row) σd = 1 kg m−2, (second row) σd = 4 kg m−2, (third row) σd = 8
kg m−2, (bottom row) total deposition of all three species. Surface parameterizations: (left
column) ca = 0.04 (run dmg2249, grayscale clipped to 15 kg m
−2), (middle column) ca = 0.12
(run 3sp3026, grayscale clipped to 45 kg m−2), (right column) ca varies per debris species:
ca = 0.0950, 0.0175, 0.0070 from highest to lowest Av (run dmg2267, grayscale clipped to 15
kg m−2).
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Figure 3.24: Deposition tracks from a medium-swirl collection of single-species runs with
Utrans = 25 m s
−1and different subgrid turbulence debris pickup parameter ca. Left to right:
ca = 0.12, 0.36. Top to bottom: σd = 1.0, 1.5, 2.0, 3.0, 4.0, 8.0. The darkest shade of gray in
the lefthand column corresponds to a deposition level of 15 kg m−2, and the intensity levels
of the right column were scaled by a factor of 3 relative to the left column to provide uniform
intensity across the rows. Simulation runs are (a) dmg3033, (b) dmg2246, (c) dmg2245, (d)
dmg2252, (e) dmg2052, (f) dmg2270, (g) dmg2244, (h) dmg2251, (i) dmg3026, (j) dmg2247, (k)
dmg3023, (l) dmg2248.
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Chapter 4
Simulation parameters varied
The effects of many physical variables must be considered in order to understand tornado
and debris cloud structures and surface marks that result from a given configuration. In
this chapter, the most important quantities are identified in Section 4.1, and a handful of
dimensionless combinations (developed previously by Lewellen et al. (2008) and references
therein) are introduced in Section 4.2 to motivate the choice of simulation runs in the present
study (e.g. as listed in the Appendix).
4.1 Parameters involved
Lewellen et al. (2000) showed that the most important factors governing tornado corner
flow structure in the absence of debris are the levels of near-surface swirl and horizontal
convergence combined with properties of the vortex aloft. In the large-eddy simulations,
the former are governed primarily by the lateral boundary conditions near the surface and
the effects of surface friction on the low-level flow. Surface friction is parameterized by the
surface roughness length z0, and its effects encapsulated to lowest order in the depleted
angular momentum flux through the vortex, Υ, as are the levels of near-surface convergence
and angular momentum. Vortex properties aloft are affected by the top boundary conditions
and the angular momentum outside the vortex core; these elements are captured by the far-
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field angular momentum Γ∞ and the maximum swirl velocity aloft Vc, which combine to
give a characteristic radial vortex scale Rc. At high Reynolds number, viscous stresses drop
out of the fluid equations; the air viscosity, µ ≈ 1.78× 10−5 kg m−1 s−1, is low enough that
essentially all of the flow away from the surface are typically well within the high-Re limit,
given length and velocity scales of ∼ 10 m and ∼ 10 m s−1 for the most important turbulent
eddies. When debris is not present, air density ρ is the sole mass scale in the simulations.
Lewellen et al. (2008) showed that in the presence of debris the combination σd be-
comes important. Gravitational accleration, σg, cannot be neglected when debris is present.
Surface-relative translation Utrans introduces flow asymmetries in the surface layer and tilts
the central vortex (Lewellen et al., 1997), sometimes significantly affecting the visual appear-
ances and relative weightings of different classes of surface marks (Lewellen and Zimmerman,
2008). Surface parameters set in the LES code (c.f. Equations 2.14-2.16 and 2.18-2.19) can
affect the overall amount and spatial extent of debris pickup and redeposition.
Thus, even at the lowest order of approximation, there are at least seven primary variables
affecting debris-laden tornado structure, and ultimately the surface marks left behind: Vc,
Γ∞, Υ, ρ, g, σd, and Utrans. In the simulations, g, σd, Utrans, and Γ∞ were specified directly,
Vc and Υ were set indirectly through the lateral and top boundary flow conditions, and ρ
was not changed. The effects of the surface roughness length z0 on tornado structure are
largely captured by Υ and were shown to be of at most secondary importance by Lewellen
et al. (2000), as are other surface properties.
4.2 Dimensional analysis
Varying all of the physical parameters would require an unweildy number of simulations
but dimensional analysis reduces the set to at least four governing parameters that simplify
the necessary set of runs, which are outlined here. The principle simulation set outlined in
the Appendix was chosen to explore the effects of independent variations in the dimensionless
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parameters on properties of surface tracks.
When debris is not present, the corner flow swirl ratio Sc = RcΓ∞/Υ is the important
dimensionless parameter, with basic length, velocity, and mass scales given by Rc, Vc, and
ρ (Lewellen et al., 2000). Two other dimensionless parameters become important in the
presence of debris (Lewellen et al., 2008):
Av = Vc/wt (4.1)
Aa = V
2
c /(gRc) (4.2)
where wt is the debris terminal velocity in freefall:
wt =
√
4gdσ
3CDρ
(4.3)
The expressions for Av and Aa were chosen for ease of interpretation: the velocity ratio
Av parameterizes the maximum amount of debris slip possible with respect to the air flow
(increasing Av lessens the maximum potential amount of slip) and the acceleration ratio Aa
measures the importance of a characteristic radial acceleration relative to gravity. In this
study, tornado translation critically affects the near-surface flow responsible for generating
surface marks. The translation speed Utrans is non-dimensionalized in the combination
At = Utrans/Vc (4.4)
which captures the importance of the translation velocity with respect to the swirl velocity
scale aloft. Placing Utrans in the numerator avoids singularities when Utrans ' 0.
The ranges of parameters explored were 0 < Sc < 13, 1.5 < Av < 30, 0.5 < Aa < 77,
0.05 < At < 0.6, enabled through changes in the constituent physical variables. For instance,
Sc was typically varied by changing Υ, Γ∞, or Rc by modifying the boundary flow conditions.
Aa was tailored by changing g with respect to V
2
c /Rc, and Av was modified by changing
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σd/ρ to produce a desired value of wt in the presence of gravitational acceleration g. At
was selected independently by modifying Utrans. The parameters Aa, Av, and At were also
affected by rescaling the entire flow velocity field, thus effectively changing Vc while holding
Sc constant.
Most of the dimensional parameters involved (and also Sc) are measured in simulations
that have no debris, avoiding uncertainties brought about by interaction of debris with the
air flow (c.f. Section 1.2).
4.3 Bounding values on physical and dimensionless pa-
rameters
Alexander and Wurman (2008) recently compiled an updated climatology of supercell
tornadoes based on a collection of several thousand radar scans through approximately 150
individual tornadoes between 1995-2008. Their data helps to constrain the values of dimen-
sionless parameters used in the simulations and expected in the field by placing bounds on
the constituent physical parameters. In particular, they provided a representative distribu-
tion of peak velocity differences across the upper core, enabing estimation of both VC and
RC across a wide range of tornadoes (RC is taken as half the distance between the peak in-
coming and outgoing velocities from the point of view of the Doppler radar source). Doppler
slices with a peak velocity difference less than 40 m s−1 and core diameter greater than 2000
m were removed from the dataset, and the inferred values of VC ranged from about 20 m
s−1 to 100 m s−1, and RC ranged from less than 50 m to 1000 m. Although the lowest Γ∞
derivable from these values is approximately 1000 kg m2 s−1, to achieve winds of at least EF1
rating on the Enhanced Fujita scale would require VC ∼ 40 m s−1. A distribution of vortex
translation velocities observed in the field was also provided in (Alexander and Wurman,
2008), suggesting that a reasonable upper bound on Utrans is about 25 m s
−1 (with a median
value of about 13 m s−1); simulated translation speeds were within Utrans ≤ 25 m s−1, except
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for a few select cases. The lower bound VC = 40 m s
−1 and upper bound Utrans = 25 m
s−1 give an upper bound on At of about Amaxt ∼ 0.625. In the LES simulations, At rarely
exceeded 0.55.
The lowest Aa would occur for a tornado with VC around its lowest possible value and
RC at its highest possible value. Using the data from (Alexander and Wurman, 2008) with
gravity set at g = 9.81 m s−1, the minimum possible Aa is Amina ∼ 0.16 for tornadoes mapped
to EF1 or greater on the Enhanced Fujita Scale. In the opposite extreme, where VC is at its
highest while RC is at its lowest, the maximum possible Aa is A
max
a ∼ 20.4. Taking the limit
where RC goes to zero, VC must also diminish to zero, so A
max
a on the order of 20 is probably
a reasonable upper bound. For the majority of the simulations, Aa ranged from about 0.05
to 8.00; the regime Aa > 20 was attained in a small handful of cases by decreasing g by a
factor of three or more.
Sand-like debris is used in most of the simulations, with terminal speed wt typically
within 3-13 m s−1and Av within about 5-30. These numbers are consistent with debris
ranging from small raindrops to small hailstones immersed in tornadoes (Dowell et al., 2005)
with VC and RC within the ranges measured in (Alexander and Wurman, 2008). Sensitivity
checks showed that damage tracks and debris aerodynamics for different simulations were
largely insensitive to changes in σ and d as long as the product σd was left unchanged (c.f.
Section 3.4.3); thus, simulations of sand are relevant to much larger debris of much lower
density (e.g. corn stubble, which has been documented in the literature).
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Chapter 5
Taxonomy and detailed physical
origins of marks
Features such as “cycloidal” and “drift” marks, “lineation” and “scalloping”, commonly
identified in surface tracks of real tornadoes by T. T. Fujita and his colleagues 30-40 years
ago (Agee et al., 1975, 1977; Davies-Jones et al., 1978; Fujita, 1966, 1967, 1981; Fujita
et al., 1967, 1970, 1976a,b) are often prominent in the simulated tracks. Historically, the
appearance of well-defined lines of deposition were almost invariably interpreted as the results
of the central convergence of a vortex or vortices traveling along the surface, either the main
tornado vortex (producing “lineal” marks) or secondary “suction” vortices rotating about
the tornado (producing cycloidal marks or scalloping). Figure 5.1 summarizes Fujita et al.’s
interpretations of such marks. The emphasis on paths of individual vortices was found in
the present work to be unjustified: simulated secondary vortices were generally too small to
gather a significant amount of debris, and all of the types of marks previously attributed to
secondary vortices were observed even in some simulations with only a single, main vortex
near the ground.
A more general set of flow features was found to be responsible for the strongest marks.
Competition between the central vortex, regions of alternating convergence and divergence
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(e.g. surface rolls) in the near-surface inflow, and far-field downdrafts of fully-lofted debris
give rise to a convolution of deposition and removal events in space and time. All of the
marks in the historical taxonomy (e.g. Figure 5.1) have been encountered, with their relative
intensities and geometric properties varying through effects of the dimensionless parameters
on the physical mechanisms responsible. Also, distinct categories of marks have been found
to arise under time-varying boundary conditions; they closely resemble certain marks from
quasisteady simulations. Debris deposition is the main focus of this chapter for two reasons:
removal signatures are generally more diffuse and the shapes of simulated deposition marks
correlate well with those of surface marks observed in the field.
In the following sections, deposition marks from a large collection of quasisteady sim-
ulations are grouped into qualitative classes and their physical origins are reinterpreted in
terms of the dimensionless parameters describing the tornado system. Deposition tracks and
sample surface fluxes from a primary subset of runs are shown in Figures 5.3-5.10 and are re-
ferred to throughout the Chapter. In the damage tracks of Figures 5.3-5.10, grayscale levels
have been scaled by At to provide uniformity in intensity. Though instantaneous local debris
fluxes are generally of comparable magnitudes in each given simulation subset, the total
time-integrated deposition is directly proportional to the time spent over each surface point
(i.e., it is inversely proportional to Utrans). Additional scaling by (ρRc)
−1 nondimensionalized
the net deposition signatures.
5.1 Deposition underneath the central vortex
In the model of Fujita and colleagues, some fraction of debris follows the sharp corner
flow upturn to be ejected aloft and the rest is deposited underneath the vortex (e.g. Figure
5.2). Radial and vertical debris slip are critical components of this interpretation; without
either (i.e. in the high-Av limit), debris would simply follow the corner flow aloft, never to
be deposited underneath the vortex. However, simulation results showed that the central
5.1. DEPOSITION UNDERNEATH THE CENTRAL VORTEX 63
Figure 5.1: Fujita et al.’s taxonomy of marks emphasizing secondary vortices as the primary
physical process behind deposition marks, from Fujita (1976).
Figure 5.2: Fujita et al.’s model of a single vortex collecting debris into a spot at the ground.
Some debris is able to follow the corner flow and is ejected aloft. From Fujita (1976).
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Figure 5.3: Deposition tracks for a collection of tornadoes with, primarily varying Sc
(let to right) and At (top to bottom). Left to right: Av = 8.3, 10.3, 9.95, 8.2, Aa =
2.3, 1.9, 1.9, 1.7, Sc = 1.9, 3.0, 5.6, 12.4; (top row) At = 0.11, 0.06, 0.08, 0.21, (middle row)
At = 0.32, 0.17, 0.26, 0.36, (bottom row) At = 0.53, 0.33, 0.44, 0.50. Lateral dimensions span
±3Rc. Grayscale intensities have been scaled by At(ρRc)−1; the darkest shades of gray corre-
spond to a dimensionless deposition level of 1.25×103. Simulation runs are (a) dmg3321, (b)
dmg2192, (c) dmg3242, (d) dmg2081, (e) dmg3322, (f) dmg2193, (g) dmg3243, (h) dmg2082,
(i) dmg3323, (j) dmg2203, (k) dmg3244, (l) dmg2084.
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Figure 5.4: Sample instantaneous vertical debris flux at the surface for the cases in Figure 5.3.
Fluxes have been normalized by Vc; the quantity plotted is wdD/Vc, where wd is the absolute
debris velocity and D = ρd/ρ is the dimensionless debris mass loading. Spatial dimensions
have been normalized to Rc and span ±3Rc. Deep red/blue correspond to normalized flux
levels of magnitude 0.025. To capture the central flow, certain panels have been shifted
forward by the following amounts: (e) Rc, (i) 2Rc, (j) Rc.
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Figure 5.5: Deposition tracks for a collection of tornadoes with Aa ∼ 8 and Av ∼ 11, primar-
ily varying Sc (left to right) and At (top to bottom). Left to right: Av = 10.4, 10.5, 10.1, 12.3,
Aa = 8.0, 7.7, 7.8, 7.9, Sc = 1.9, 3.0, 5.6, 12.4; (top row) At = 0.11, 0.06,n/a, 0.07, (middle
row) At = 0.32, 0.28, 0.26, 0.36, (bottom row) At = 0.53,n/a, 0.44,n/a. Lateral dimensions
span ±3Rc. Grayscale intensities have been scaled as in Figure 5.3; the darkest shades of
gray correspond to a dimensionless deposition level of 1.25 × 103. Simulation runs are (a)
dmg2218, (b) dmg3024, (d) dmg2212, (e) dmg2219, (f) dmg3026, (g) dmg2226, (h) dmg2195,
(i) dmg2220, (k) dmg2227.
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Figure 5.6: As in Figure 5.4 except for the deposition tracks in Figure 5.5. Panels (e,f,g,h)
are shifted forward by Rc, and panel (i) was shifted forward by 3Rc.
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Figure 5.7: Deposition tracks for a collection of tornadoes with Sc = 3.0 and Aa = 7.7,
primarily varying Av (left to right) and At (top to bottom). Left to right: Av =
23.8, 15.9, 10.6, 7.2. Top to bottom: At = 0.06, 0.17, 0.28. Lateral dimensions span ±3Rc.
Grayscale intensities have been scaled as in Figure 5.3; the darkest shades of gray corre-
spond to a dimensionless deposition level of 0.5× 103. Simulation runs are (a) dmg3031, (b)
dmg2049, (c) dmg3024, (d) dmg3021, (e) dmg3032, (f) dmg2011, (g) dmg3025, (h) dmg3022,
(i) dmg3033, (j) dmg2052, (k) dmg3026, (l) dmg3023.
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Figure 5.8: As in Figure 5.4 except for the deposition tracks in Figure 5.7. Panels in the
middle row are shifted forward by 0.5Rc and panels in the bottom row are shifted forward
by Rc.
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Figure 5.9: Deposition tracks for a collection of tornadoes with Sc = 12.4 and Aa = 1.9,
primarily varying Av (left to right) and At (top to bottom). Left to right: Av =
18.4, 12.2, 8.2, 5.5. Top to bottom: At = 0.07, 0.21, 0.36. Lateral dimensions span ±3Rc.
Grayscale intensities have been scaled as in Figure 5.3; the darkest shades of gray corre-
spond to a dimensionless deposition level of 1.75×103. Simulation runs are (a) dmg2177, (b)
dmg2059, (c) dmg2080, (d) dmg2090, (e) dmg2178, (f) dmg2014, (g) dmg2081, (h) dmg2091,
(i) dmg2179, (j) dmg2082, (k) dmg2092.
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Figure 5.10: As in Figure 5.4 except for the deposition tracks in Figure 5.9. No panels are
shifted.
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deposition is not point-like as in Fujita et al.’s model, giving rise to a single line of deposi-
tion, but rather loosely annular in structure, giving rise to “loops” or “cycloids” (e.g. flow
structure characteristic of Figure 5.11 leads to instantaneous debris flux patterns like those
in Figure 5.12b). Critical low-swirl end-wall jet vortices (Sc < 1.4, Lewellen et al. (2000))
were found to be generally unable to collect any debris due to their lack of near-surface swirl
intensification. Sample cycloids from the literature are shown in Figure 5.13.
As the tornado sweeps across the surface, the resulting deposition patterns are cycloidal,
inheriting their overall structure from “translation plus rotation” in the near-surface flow (e.g.
the progression in Figure 5.12a,c,e,g). The patterns are broken into distinct swaths due to
turbulent fluctuations in debris amount and local flow conditions (provided in part by inflow
rolls). If not for these factors, the tornado would simply leave a smeared-out distribution
of debris. The strongest marks tend to be associated with regions of convergence along the
local streamlines in the surface frame, allowing debris to gather in a line-like structure (e.g.
Figure 5.15). Some marks form all at once and others are created as localized packets of
debris travel across the surface, depositing their load as they move along.
As translation becomes more significant (i.e. At is increased), the central annulus is
shifted and stretched in non-axisymmetric fashion by friction acting on the near-surface flow
(e.g. the progression in Figure 5.12b,d,f,h). This causes the apparent spacing between marks
to increase and the left/right asymmetry to become more pronounced (e.g. the progression
of Figure 5.12a,c,e,g). The convolution of removal and deposition plays a role in the left-
right asymmetry. For example, at higher translation speeds in some cases the near-surface
horizontal convergence in the rear part of the annulus is reduced enough to facilitate localized
removal, which competes with deposition in the front and right part of the annulus (e.g. the
progressions across the bottom row of Figure 5.16 and along the rightmost three columns of
Figures 5.3 5.4). The mean deposition per unit length goes as ScA
−1
t (e.g. Figure 5.14).
When cycloidal marks are present, the radius of cycloidal deposition Rs correlates with
the radius of the updraft annulus (and also the radius Rl of the maximum near-surface swirl
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velocity). Rl/Rc increases with Sc above the critical low-swirl limit (Lewellen and Lewellen,
2007a; Lewellen et al., 2000), so it is no surprise that Rs/Rc increases with Sc as well (e.g. the
progressions across the top rows of Figures 5.3 and 5.5). Also, the lateral shift of cycloidal
marks δs/Rc (e.g. the shift of the vortex in Figure 5.4i) is affected by translation-induced
asymmetries and swirl ratio, increasing with At/Sc. It must be noted that in many cases
the radial extent of cycloidal deposition is readily apparent (e.g. the tracks of Figure 5.9);
however, Rs is undefined in many tracks do not exhibit strictly cycloidal deposition (e.g.
5.7k).
Raising Aa increases the importance of radial acceleration with respect to gravity, thereby
strengthening the radial component of debris slip in the near-surface inflow. This makes it
more difficult for debris to reach the central corner flow before being redeposited; increasing
Aa results in larger Rs/Rc (e.g. the progressions in Figure 5.17). However, Rs is undefined
in Figure 5.17f, as trains of linear features are the strongest net deposition signatures.
Fujita et al.’s suction vortex actually represents the low-Sc limit in parameter space,
where debris is carried inward to the center of the corner flow and dropped in a small spot
rather than an annulus (e.g. Figure 5.17d). This limit is unlikely to be realized in the
field because the critical low-swirl limit is difficult to maintain in the presence of debris and
natural fluctuations in near-surface inflow conditions.
5.2 Deposition by debris-laden surface rolls
Fujita and others observed sweeping sets of arcs, or “drift marks” in tornado tracks that
were attributed to reorganization of previously-removed debris by trailing inflow winds (Agee
et al., 1977; Davies-Jones et al., 1978; Fujita et al., 1976a). A variety of such marks have
been observed in the simulations (e.g. Figure 5.19), with surface rolls providing the physical
mechanism for creating sharp “trailing arcs”. Sample trailing arcs from the literature are
shown in Figure 5.18.
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Figure 5.11: Azimuthally averaged vertical debris flux, WD/Vc (colors), and angular momen-
tum, Γ/Γ∞ (contours), from a high-swirl, stationary tornado (run dmg2058). Deep shades of
red/blue correpsond to WD/Vc = ±0.1. Note the up/down debris flux couplet in the corner
flow; coupled with turbulent variability in debris amount and local flow conditions over time,
this general structure is responsible for generating cycloidal marks in translating cases.
With increasing At, the surface layer (with or without debris) gradually transitions from
a roughly uniform distribution of turbulent, spiraling inflow rolls into a more-asymmetric
distribution (e.g. the progressions along the rows of Figure 5.20). The addition of debris
tends to favor rolls along the rear flanks of the tornado (where debris loadings are largest),
with the strongest trailing arcs usually originating to the tornado’s left (e.g. selected debris
fluxes in Figure 5.6). Individual rolls often appear to be stabilized by the presence of debris
and sometimes survive long enough to traverse behind and to the right of the central vortex.
Increasing Av typically produces a wider debris-laden inflow, creating longer arcs to the
left of the tornado, while lowering Av generates a smaller area of removal that encourages
more-central trailing arcs. In many cases, quite linear sets of inflow marks were also observed
in the tornado’s right flank (e.g. Figures 5.4l, 5.6f,g,h, among others) although their phys-
icality is called into question due to grid-resolution concerns (e.g. Section 3.4.2). Trailing
arcs become more pronounced with increasing Aa (c.f. Figures 5.3 and 5.5.
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Figure 5.12: Sample cycloidal marks (left column) and sample instantaneous debris flux at
the surface (right column) for a collection of high-swirl tornadoes moving at different speeds.
Top to bottom: 5 m s−1 (dmg2080), 15 m s−1 (dmg2081), 25 m s−1 (dmg2082), 35 m s−1
(dmg2084). Grayscale levels in the left column have been normalized to Utrans; the darkest
shades of gray in panel (a) correspond to a deposition level of 120 kg m−2. Vector fields in
the right column represent the horizontal air flow taken in the surface frame at z = 0.5m,
and deep red/blue correspond to deposition/removal of magnitude 2 kg m−2 s−1.
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Figure 5.13: Aerial imagery of a tornado damage track, showing a qualitative change in
cycloidal marks from left to right across the image. From Fujita (1967a)
Figure 5.14: Mean deposition level (nondimensionalized by air density ρ) versus ScA
−1
t .
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Figure 5.15: Illustration of strong deposition marks being laid down in regions of convergence
along the local streamlines from simulation dmg2060 (the black arrows indicate the features
of interest). Colors: net deposition after the tornado has passed (deep red corresponds to
a deposition level of 30 kg m−2). Vectors: instantaneous horizontal air flow at z = 0.5 m.
Contours: instantaneous downward debris flux (black/gray correspond to downward/upward
debris fluxes of respective peak values -6 kg m−2 s−1 and +4 kg m−2 s−1).
Some evidence is provided in the literature for the role played by inflow rolls in modulating
debris fluxes throughout the surface layer. Davies-Jones et al. (1978) observed coherent
∼1 m-scale rows of alternating convergence and divergence in the orientations of wheat
after a tornado had passed (e.g. Figure 5.21), and postulated that these patterns were
generated by shallow horizontal roll vortices; these patterns closely resemble wind patterns
observed in the vicinity of simulated inflow rolls on spatial scales an order of magnitude
larger. They also noted removal of wheat in regions of cross-stream divergence which is
generally consistent with debris removal by inflow rolls in the simulations (e.g. Figure 5.22).
If the alternating regions of convergence and divergence had been correlated with the rear
part of the tornado then it would be likely that these features had been generated by the same
class of inflow rolls that give rise to trailing arcs (although the current simulation set does
not explicitly resolve 1 m-scale flow features). However, the lack of any particular vortex-
relative orientation suggests that these marks may have been created by transient zones
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Figure 5.16: Instantaneous and time-averaged surface debris fluxes (top and bottom rows,
respectively) for a collection of high-swirl tornadoes. Left to right: 5 m s−1 (dmg2059), 15
m s−1 (dmg2014), and 25 m s−1 (dmg2060) vortex translation. Deep red/blue correspond to
deposition/removal levels of magnitude 3 kg m−2 s−1 (top row) and 1.5 kg m−2 s−1 (bottom
row).
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Figure 5.17: Deposition tracks showing variation with Aa within two collections of torna-
does. Top row: high swirl (Sc = 12.4, At = 0.36, Av = 10.2, 12.2, 12.3, Aa = 0.5, 1.9, 7.9);
bottom row: medium-swirl (Sc = 3.0, At = 0.278, 0.278, 0.333, Av = 10.2, 10.3, 10.5,
Aa = 0.5, 1.9, 7.8). Simulation runs are (a) dmg2280, (b) dmg2060, (c) dmg2195, (d) dmg2279,
(e) dmg2203, (f) dmg3026.
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Figure 5.18: Aerial imagery of a tornado damage track from Fujita et al. (1976b), showing
trailing arcs.
of alternating convergence and divergence (correlated with updraft/downdraft air velocity
couplets) elsewhere in the inflow layer.
5.3 Deposition of fully lofted debris
Large deposition swaths far from the central vortex, or “diffuse far-field swaths” are here
attributed to deposition of debris that has been fully lofted and carried outward (e.g. Figure
5.23). It is unclear whether far-field swaths have been observed in the field. The signatures
characterized as “drift marks” in Figure 5.24 may actually be far-field deposits.
Dowell et al. (2005) observed “debris curls” in photographs of a real tornado where
debris has exited the central updraft and begun its descent back to the ground (Dowell
et al., 2005); this type of flow feature could lead to far-field marks as long as the debris
packet is not reinjected into the surface inflow or deposited and re-removed. Debris curls
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Figure 5.19: Sample trailing arcs (left column) and sample instantaneous debris flux at the
surface (right column) for a collection of tornadoes moving at 25 m s−1. Top row: medium-
swirl (run dmg3026); bottom row: high-swirl (run dmg2195). The darkest shades of gray
correspond to a deposition level of 30 kg m−2. Vector fields in the right column represent the
horizontal air flow taken in the surface frame at z = 0.5m, and deep red/blue correspond to
deposition/removal of magnitude 2 kg m−2 s−1.
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Figure 5.20: Horizontal slices of instantaneous vertical air velocity at z=1.0 m, showing
existence of near-surface inflow rolls (up/down velocity couplets) in the absence of debris.
Red/blue represent downward/upward velocities of magnitude 0.5 m s−1. Top row: medium-
swirl tornadoes moving to the right at (a) 5 m s−1 (run2049), (b) 15 m s−1 (run2011), and
(c) 25 m s−1 (run2052). Bottom row: high-swirl tornadoes moving to the right at (d) 5 m
s−1 (run2059), (e) 15 m s−1 (run2014), and (f) 25 m s−1 (run2060). Spatial dimensions
span ±600 m.
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Figure 5.21: Convergence/divergence pattern observed in tall wheat stubble by Davies-
Jones et al (Davies-Jones et al., 1978). Comparable with rows of alternating conver-
gence/divergence in Figure 5.22; however the wheat stubble patterns showed no directional
preference with respect to the central vortex and were of smaller scale.
have been observed in the simulations.
Raising the parameter Av increases the intensity of diffuse far-field swaths with respect
to cycloids and trailing arcs (e.g. the progression across the top row of Figure 5.7). More
specifically, increasing Av decreases the maximum possible amount of debris slip, which
enables a larger fraction of debris to follow the corner flow streamlines. A higher amount of
lofted debris produces a more-massive debris cloud which leads to stronger deposition in the
far-field (Lewellen et al., 2008). Also, fully lofted debris acquires some vertical slip velocity
when approaching the ground; vertical air velocities go to zero at the surface, and each debris
packet must continue to the surface with finite velocity in order to be redeposited.
Asymmetric deposits of debris (typically right and rearward) result from tilting of the
main vortex right and rearward with respect to the vortex center aloft. That is, debris vertical
velocities typically point downward where the debris cloud meets the surface behind and to
the right of the main vortex (e.g. Figures 5.4a, 5.6a, 5.8a, among others); this process has
been observed in animations of simulation data regarding debris cloud formation. Leftward
piles of debris occur in regimes where the surface flux of lofted debris outweighs removal by
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Figure 5.22: Instantaneous snapshot of surface-relative horizontal flow from medium-swirl
run dmg3026 at z = 0.5 m (vectors) and vertical velocity at z = 1.0 m (colors; red and blue
represent, respectively, convergence and divergence). Contour lines represent instantaneous
debris flux, with deep red representing a downward flux of magnitude 2 kg m−2 s−1. Debris
deposition occurs near to regions of horizontal convergence, athough deposition is typically
offset from the locations of peak convergence.
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Figure 5.23: Sample diffuse far-field swaths (a) and sample instantaneous debris flux at the
surface (b) for a medium-swirl tornado moving at 5 m s−1 (run dmg3031). The darkest
shades of gray correspond to a deposition level of 45 kg m−2. Vector fields in the right
column represent the horizontal air flow taken in the surface frame at z = 0.5m, and deep
red/blue correspond to deposition/removal of magnitude 2 kg m−2 s−1.
the inflow layer (e.g. Figure 5.5b,d).
5.4 Effects of debris availability
Debris availability plays a strong role in asymmetry of surface tracks. At very low
availability (as opposed to unlimited availability in the majority of simulated cases) only a
subset of cycloidal marks or far-field swaths to the righthand side of the tornado are present
(e.g. compare Figures 5.25a,b). Deposition to the right side of the vortex is most robust to
changes in availability because it is often a region of relatively sustained convergence along
the local surface-frame streamlines. Fujita instead attributed this “scalloping” subset of
marks to secondary vortices rotating slowly around the central vortex.
Decreasing Av also imposes a constraint on the effective surface debris availability (in-
creasing wt increases the threshold for removal and decreasing Vc lowers the ability of the
near-surface flow to remove debris). The scalloping limit is approached as Av is decreased in
the presence of significant translation, eventually giving way to linear or dash-like deposition
marks. For example, in the high-swirl sequence of runs across the bottom row of Figure
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Figure 5.24: Aerial imagery of a tornado damage track from Agee (1977), showing possible
diffuse far-field swaths perhaps mischaracterized as drift marks (D).
5.9, deposition under the righthand side of the vortex becomes stronger as Av is decreased
(e.g. also illustrated by the progression of the righthand deposition peak in Figure 5.26).
Deposition to the lefthand side of the vortex is intermittent at Av = 18.4 (giving it a weak
downstream signature) but becomes more regular at Av = 12.2 and Av = 8.2, finally waning
in relative intensity (with respect to trailing arcs) at Av = 5.5 (e.g. also illustrated by the
progression of the lefthand peak in Figure 5.26). In the low-swirl regime, the vortex tilt
produces strong removal to the front and left of the tornado, often favoring scalloping on the
righthand side of the vortex (e.g. Figure 5.3a).
Fujita interpreted linear marks, or “lineation”, as deposition underneath the center of a
single translating vortex. Instead, simulation results suggest that in the medium- and high-
swirl regimes the effect that Fujita called “lineation” is essentially identical to scalloping.
In the high-swirl, extremely low-Av limit, the only features capable of removing debris
from the surface are secondary vortices (e.g. Figure 5.27a). This regime is perhaps most
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Figure 5.25: Deposition tracks for simulated tornadoes moving at 5 m/s over a limited (1
kg m−2) surface debris source (left column) and an unlimited surface debris source (right
column). (a,b) High-swirl cases (Sc = 12.4, At = 0.072, Av = 8.2, Aa = 2.4). (c,d) medium-
swirl cases (Sc = 3.0, At = 0.055, Av = 15.9, Aa = 7.9). Simulation runs are (a) dmg2165,
(b) dmg2059, (c) dmg2209, (d) dmg2049.
relevant to urban settings, where there is limited, heavy debris, although it would be ex-
tremely difficult to infer tornado structure from an urban surface track due to the effects of
large man-made obstructions to the flow. However, the extremely low-Av limit may some-
times produce “effective” surface marks for a tornado moving over a crop that is rooted
strongly in the ground; the resulting patterns of bent/sparsely removed stalks could provide
an indication of the paths of secondaries.
5.5 Time-varying cases
Figure 5.28 shows deposition tracks from a collection of four evolving “corner flow col-
lapse” cases (Lewellen and Lewellen, 2007b). The corner flow collapse driving the near-
surface vortex intensification is triggered purely by perturbing the low-level inflow over a
single quadrant of the outer domain boundary. The cases differ in the choice of quadrant;
the symmetry between the choices is broken by the slow translation velocity of the parent
vortex. Dramatic changes in the magnitude, onset and duration of the vortex intensification
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Figure 5.26: “Downstream averages”, or the lateral of profile mean deposition per length,
from a collection of high-swirl tornadoes with At = 0.36 and different Av. Note the change
in relative deposition level between the double peaks with decreasing Av (the righthand
peak dominates at low Av, which is the “scalloping” limit). In order of decreasing Av, the
simulation runs are dmg2179, dmg2060, dmg2082, dmg2092.
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Figure 5.27: Surface tracks from a high-swirl tornado (run dmg2253) moving over a field of
“heavy” debris (Sc = 12.4, Aa = 1.9, Av = 1.5, At = 0.36). (a) Deposition track, showing
weak net removal coinciding with signatures of secondary vortices: (b) peak horizontal veloc-
ity at the first grid point above the surface and (c) peak pressure drop at the first grid slice
above the surface. Deep blue in (a) represents a removal level of 0.0072 (when normalized
to Rc), and deep red in (c) corresponds to a peak pressure drop of 1.25 (when normalized to
ρV 2c ). Lateral dimensions are ±1.5Rc.
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and structure and motion of the near-surface vortex result, accompanied by dramatic changes
in the surface markings. The figure illustrates both the sensitivity of tornado evolution to
changes and asymmetries in the near-surface layer and the complexity and variability of the
surface tracks that result.
Figure 5.29 shows sample instantaneous debris fluxes at the surface at late times in the
respective cases of Figure 5.28. The most prominent features in the corner flow collapse
cases typically not present in quasisteady cases are strong lines of deposition, or “lineation”,
occurring in regions of horizontal convergence situated away from the central vortex. It is
important to note the possibility of such marks occurring in the field; without information
about the location of the central vortex (i.e., through the presence of cycloidal marks or the
availability of concurrent Doppler measurements), lineation outside the central flow could
be mistaken for scalloping (c.f. Section 5.4).
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Figure 5.28: Surface tracks from four simulated corner flow collapse tornado evolutions
showing peak pressure drops encountered at the surface (panels a,c,e,g) and net re-
moval/deposition of 1 mm “sand” (panels b,d,f,h) with blue indicating heavy removal, red
indicating heavy deposition. In each case the large-scale vortex aloft is translating from left
to right (west to east) at 5 m/s with the corner flow collapse triggered by impeding one
quadrant of the low-swirl near-surface inflow: the northwest quadrant for panels a,b; NE
for c,d; SW for e,f; and SE for g,h. The panel domain lengths are 1.65 km and the dashed
lines indicate the track of the center of the large-scale vortex aloft. From (Lewellen and
Zimmerman, 2008).
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Figure 5.29: Sample instantaneous surface debris fluxes from the respective cases in Figure
5.28. Lateral dimensions are 600 m.
Chapter 6
Quantitative analyses
Attempts were made to quantitatively distill the very complex deposition signatures in
simulated damage tracks down to simpler forms. The three categories of information pursued
were surface mark shapes, spacings, and sizes. In this chapter, numerical efforts to extract
these types of information from simulated tracks are described.
6.1 Downstream averages to infer near-surface vortex
radius and shift
A “downstream average” is defined as the sum of a surface track quantity along the
tornado’s direction of travel; the quantity of interest here is net debris deposition unless
otherwise noted. A handful of downstream averages for two sample collections of tornadoes
are shown in Figure 6.1. Some downstream averages have already been shown in Figure 5.26.
Cases in which cycloidal marks are prominent typically have a double-peaked structure in
the downstream profile; Figure 6.2 shows that in the selected cases these peaks correlate well
with the extent of the deposition annulus at the surface. This radius, Rs, correlates with radii
of the corner flow updraft annulus and maximum swirl velocity near the surface, potentially
allowing inference of Sc if the radial scale of the vortex aloft is known. A correlation between
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Sc and Rs/Rc was established in the top rows of Figures 5.3 and 5.5. Although debris
effectively changes Sc through its interactions with the airflow, it must be noted that Sc
calculated in the absence of debris is the quantity used in this work (c.f. discussion in
Section 1.2).
The downstream peak data for cycloids, when available, can also be used to calculate
the mean horizontal shift of the near-surface vortex with respect to the flow aloft. Vortex
shift, δs is defined here as the difference between the center of the vortex aloft and the
central location between the peaks normalized to the core radius Rc. Translation velocity
was observed qualitatively to shift the vortex (e.g. the progression along the columns of
Figure 5.9); however, the vortex shift is plotted against At in Figure 6.3, showing no clear
correlation. Decreasing swirl ratio was also observed to increase the vortex shift (e.g. the
progression along the bottom row of Figure 5.3); the shift is plotted against AtS
−1
c in Figure
6.4, revealing a correlation.
When attempting to infer tornado parameters from real surface tracks, concurrent Doppler
scans aloft could provide information about Rc, Vc, Utrans, and the position of the vortex
aloft. These quantities, in turn, provide direct estimates of At and Aa. The parameter Av
is less certain due to natural variability in surface debris availability conditions; a video
record of debris cloud structure could aid in estimating Av. An analysis of the track can
perhaps be most informative when the underlying surface is relatively uniform but the track
appearance evolves significantly, allowing some of the uncertainty in debris properties to
drop out of the problem. The presence of cycloidal marks allows δs and Rs to be inferred;
the time-progressions of δs/Rc, Rs/Rc, and At, (and changes in the qualitative collections of
marks observed) could then provide quantitative evidence of the evolution of Sc along the
tornado’s path.
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Figure 6.1: Downstream averages from a collection of high-swirl tornadoes moving at different
speeds, showing locations of deposition peaks (blue lines). (a) Utrans = 5 m s
−1 (dmg2059),
(b) Utrans = 15 m s
−1 (dmg2014), (c) Utrans = 25 m s−1 (dmg2060).
6.2 Orientation histogram to capture surface mark shapes
A new analysis technique was developed to capture the shapes of surface marks averaged
over the collection in a track. This algorithm essentially uses image processing techniques
to map tracks from the original “along-track vs. cross-track” (x, y) representation to a
“mark-angle vs. cross-track” (θ, y) representation and then back to (x, y), giving a mean
“fingerprint” of the shapes of the most prominent marks (e.g. fig. 6.5). The (θ, y) plot can
be used directly to determine some quantities; e.g., the relative y position of the crossing
point of two branches in (θ, y) is found to correlate with the ratio of Utrans and a near-surface
swirl velocity.
In this method the surface track is treated as a heightfield, with the net deposition level
serving as the height, zdep(x, y), above zero. x is the spatial coordinate along the tornado’s
direction of travel and positive y lies along an observer’s left when standing on the ground
and facing along the x-axis. zdep is correlated with the debris layer height above ground
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Figure 6.2: Time-averaged vertical surface debris flux with locations of deposition maxima
(blue lines) and approximate half-width at half-max of each deposition peak (black lines)
for the respective cases in Figure 6.1a-c. Dimensions span ±350 m. Respective differences
between locations of the deposition peaks are approximately (a) 125 m, (b) 120 m, (c) 110
m, giving a relatively uniform estimate of the size of the deposition annulus.
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Figure 6.3: Vortex shift δs relative to RC aloft versus At.
level. Along the two-dimensional surface z(x, y), net deposition swaths appear as ridges and
net removal swaths appear as valleys, with the “sharpness” of each feature being determined
by its height or depth and cross-ridge or cross-valley width. Narrow, deep (or high) features
are considered sharp while wide, shallow features are considered diffuse.
Mathematically, sharp marks have large second derivative of z(x, y) across their paths,
taking on a negative value for marks of net deposition (e.g. Figure 6.6). The eigenvectors
of the Hessian matrix of local second derivatives provide a convenient coordinate system in
which to compute the sharpness (Lindeberg, 1996). The Hessian matrix is given by
 ∂xxzdep ∂xyzdep
∂yxzdep ∂yyzdep
 ≡
 Lxx Lxy
Lyx Lyy
 (6.1)
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Figure 6.4: Vortex shift δs relative to RC aloft versus At/SC .
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at each point (x, y). The eigenvalues are
η1 =
1
2
(Lxx + Lyy) (6.2)
η2 =
1
2
√
(Lxx − Lyy)2 + 4L2xy (6.3)
The eigenvector pointing along a local ridge is that corresponding to the lowest of the two
eigenvalues; one way to compute its angle with respect to the x-axis is
θr = arctan
(
ηmin − Lxx
Lxy
)
(6.4)
Finally, the second derivative across a ridge or valley which provides a measure of sharpness
is given by
Luu = sin
2 θrLxx − 2 sin θr cos θrLxy + cos2 θrLyy (6.5)
The strongest, sharpest marks are typically associated with deposition: they have high
contrast, defined as
δI ≡ zdep|Luu| (6.6)
where Luu < 0 for deposition swaths.
6.2.1 Extracting the average “fingerprint” mark
To distill geometric information about surface mark shapes from the standard (x, y) track
represetation into a simpler form, the contrast δI is binned by θr(x, y) and y, effectively
removing all dependence on x. The resulting “orientation histogram” captures the angles θr
of the most prominent marks versus their locations in y (e.g. middle column of Figure 6.5).
The position-angle curve can be transformed back to (x, y)-space to yield a mean spatial
representation of the most prominent marks in a track (e.g. the right column of Figure 6.5).
This is accomplished through the relation dy/dx = tan θr, which can be solved for dx and
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Figure 6.5: Left column: Deposition tracks for sample high-swirl runs. Middle column:
“chromosome” patterns for the corresponding tracks in the left column. Right column:
reconstructed mean surface marks for the chromosomes. Top to bottom: Utrans =5 m s
−1
(dmg2080), 15 m s−1 (dmg2081), 25 m s−1 (dmg2082).
integrated to give x =
∫
dx =
∫ θ
0
tan−1(φ)dy(φ). There are, however, singularities in the
integrand when tan θ = 0; these are interpolated across prior to integration by assuming
that dx must be continuous. The resulting spatial (x, y) curve gives an idea of the mean
shape of the prominent marks. It is possible that reconstructed marks could be used to infer
information about the near-surface flow.
6.2.2 Extracting a near-surface swirl velocity scale
Cycloidal marks typically have a double-branched “chromosome”-like character in (y, θ)-
space (e.g. middle column of Figure 6.5). It was found that the crossing point ycross of the
chromosome branches with respect to the footpoints of the branches (i.e. the y-locations
where the branches cross θ = (0, pi)) shifts with increasing Utrans. This trend is evident in
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Figure 6.6: (a) Portion of the high-swirl track from run dmg2082, showing correlation between
the second derivative of net deposition and local sharpness of a selected surface mark. Deep
red/blue correspond to deposition/removal levels of magnitude 30 kg m−2. (b) Slice of net
deposition along the path of the solid blue line in (a). (c) Second spatial derivative of the
deposition profile in (b), showing negative peak where the local deposition mark is strongest.
Black arrows roughly denote central location of the surface mark in question.
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the middle column of Figure 6.5.
To understand the shift, ideal cycloidal patterns were generated numerically and analyzed
through the orientation histogram technique (e.g. Figure 6.7). It must be noted that it is
unnecessary to assume that surface marks are cycloidal to get a usable correlation; however,
ideal cycloids were studied for example and motivation. The ideal cycloid is essentially the
path followed by a single point on a uniformly rotating, translating circle; the ideal cycloid
centered on the line y = 0 is given by
x(t) = Ut+R cos
(
V t
R
)
(6.7)
y(t) = R sin
(
V t
R
)
(6.8)
where U is the translation velocity of the center of the circle, V is the rotation velocity of the
circle, and R is the circle’s radius (the phase of rotation has been chosen so that this cycloid
passes through x = R at t = 0 and there is no extra phase term in the sinusoidal functions).
For ideal cycloids the chromosome crossing point always occurs when the tangent angle to
the cycloid curve is
θcross ≡ arctan
(
dy
dx
)
cross
= pi/2 (6.9)
Computing dy/dx from the ideal cycloid equations and inserting it into the definition of
θcross gives
tan θcross =
√
1−Ψ2
U
V
−Ψ (6.10)
where Ψ = y/R. Since θcross = pi/2, the condition Ψ = U/V must hold at the crossing point;
indeed, numerical tests on ideal cycloids support this result (e.g. Figure 6.8).
To actually extract the (θ, y) crossing point from cycloidal marks in damage tracks,
an adaptive “snake” algorithm was developed (wherein a connected set of points is given
freedom to follow gradients in the histogram’s intensity in (θ, y)). This algorithm was used
to pick out the strongest line-like features in the histogram, capturing the branches as n
6.2. ORIENTATION HISTOGRAM TO CAPTURE SURFACE MARK SHAPES 103
curves yn(θr) on subintervals of θr ∈ [0, pi]. Due to noise in the histogram and the possibility
of multiple basins of attraction for each branch this method requires smaller portions of the
branches to be detected independently under user oversight and then stitched together and
smoothed to yield a piecewise position-angle curve y(θr) on θr ∈ [0, 2pi]. Normalizing the
crossing point location, ycross = y(pi/2) or y(3pi/2), to the locations of the branch footpoints,
ymax = max(y(0), y(pi)) and ymin = min(y(0), y(pi))), yielded the normalized crossing point:
Ψcross =
ycross − (ymax + ymin)/2
(ymax − ymin)/2 (6.11)
Errorbars on measurement of Ψcross are estimated for each run by averaging the differ-
ences between the raw and smoothed representations in y(θr), although this method often
underestimates the spread in Ψcross along a larger body of runs due to variations between
runs. Standard deviations of up to 30% in Ψcross have been observed to occur between
different portions of the same track; however, Ψcross tends to converge to a given value
with increasing length of quasisteady track. Values of Ψcross quoted in this work are those
computed for the longest quasisteady portions of tracks available.
The crossing point correlates with At for a collection of tornadoes with 3.0 < Sc <
12.6 (e.g. Figure 6.9). This measure could be used in the field to estimate Vc if Utrans is
known over a relatively quasisteady track of cycloids. It is worth noting that Fujita and
colleagues previously developed a geometric approach that aimed to infer a near-surface
swirl velocity scale from radii, spacings, and multiplicities of cycloidal marks (Fujita et al.,
1970). However, Fujita and colleagues’ approach was limited by uncertainties in the origins
of cycloidal marks and required assumptions about how different marks were connected.
The orientation histogram representation circumvents the need to connect sets of marks,
capturing shape information without regard to how the marks are spaced, how many marks
exist, or how uniform or intermittent segments of each mark are, thus providing a potentially
useful substitute for the previous algorithms.
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Figure 6.7: (a) Ideal cycloid with U/V=1. (b) Resulting “chromosome” pattern for the track
in (a), with branch crossing point at Ψ = 0.1.
To yield useful results, the method developed in the present work would require higher-
quality imagery than is currently available in the literature. In analogy with ideal cycloids,
several candidate measures of a near-surface tornado velocity scale were tested for correla-
tion with Utrans/Ψcross, including the maximum horizontal velocity at z = 0.5 m and the
maximum swirl velocity in the corner flow. Neither yielded a good correlation (e.g. the
attempted correlation with maximum horizontal velocity at z = 0.5 m is shown in Figure
6.10).
6.3 Analyses to infer surface mark spacings
Analyses were run on collections of damage tracks in attempts to extract mean spacings
and multiplicities of surface marks without requiring information about their shapes. These
included using hand tracing of marks, autocorrelations, fast fourier transforms, and wavelet
transforms.
Sample results from hand tracing of marks are shown in Figure 6.11. The most intense
pieces of individual marks were traced on a printout of each damage track, and the approx-
imate integrated length of the traced lines was divided by the apparent radius of the marks
to give a total number of marks N per length of track L. While this method is highly sub-
jective, it revealed a possible correlation between cycloidal spacings (L/N) and translation
velocity that encouraged further efforts to extract mark spacings.
Autocorrelations of net deposition along the direction of vortex translation have been
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Figure 6.8: “Chromosome” branch crossing points from ideal cycloids versus U/V. The
crossing point Ψcross is equal to U/V , except for U/V > 0.8 where the crossing point is
difficult to distinguish numerically (it disappears entirely for U/V > 1.0).
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Figure 6.9: Dimensionless parameter At plotted versus the crossing point of the two branches
in (θr, y) for a group of simulated tornadoes that produced cycloidal marks. Errorbars
calculated from the analysis method used are shown for each run; however, the effective
error in measurement of Ψcross when variations across runs are taken into account is roughly
about ±0.1 on average.
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Figure 6.10: Maximum horizontal windspeed at z=0.5 m versus effective near-surface swirl
velocity inferred from chromosome crossing point (U/Ψcross) from a selection of cases with
cycloidal marks. Errorbars calculated from the analysis method used are shown for each run;
however, the effective error in measurement of Utrans/Ψcross when variations across runs are
taken into account is roughly about ±10 m s−1 on average.
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largely unsuccessful in extracting mark spacings due to non-periodicity of the deposition
processes responsible. The autocorrelation function is here defined as
R(l, y) =
〈zdep(x, y)− 〈zdep(x, y)〉)(zdep(x− l, y)− 〈zdep(x, y)〉〉
〈(zdep(x, y)− 〈zdep(x, y)〉)2〉 (6.12)
where the angle brackets indicate an average has been taken along x. Stacking the autocor-
relation function along a series of adjacent parallel slices yields an effective transformation of
the entire track from (x, y)-space into (l, y)-space, where l is the autocorrelation lag. Sample
results are shown in Figures 6.12 and 6.13. Except in select cases, the unsteady nature of
the tracks typically smeared the autocorrelation function in lag-space, providing no clear
indication of a primary spacing between marks. The utility of the “image” autocorrelation,
which is essentially the integral of R(l, y) along y, and the Fourier transforms of various slices
and subimages were also explored to little effect.
The one-dimensional wavelet transform was explored for individual slices of deposition
tracks along the direction of tornado travel. While it was able to resolve spacings be-
tween neighboring marks, the wavelet transform actually expanded the parameter space
from (x, y0, zdep) to (x, y0, zdep, λ) where y0 is the constant y-location at which the slice is
taken and λ is the local length scale of deposition features. This is contrary to the goals
of analysis, which are primarily to distill the information available in surface tracks into a
smaller set of descriptive parameters. λ spectra were explored in an effort toward distillation
(i.e. the signal in (x, y0, zdep, λ)-space was integrated along x); however, the λ-spectra did
not exhibit sharply-defined peaks that would indicate a dominant spacing of any particular
marks.
Currently, there is no effective numerical measure of surface mark spacing, due primarily
to the marks’ complicated, two-dimensional signatures and surface track turbulent variability.
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Figure 6.11: Surface mark spacings inferred by hand-tracing cycloidal marks in a collection
of high-swirl tornadoes with Sc = 12.4, Av = 12.2, Aa = 2.39, and varying At..
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Figure 6.12: Autocorrelation along the tornado direction of travel for two selected deposi-
tion tracks: (a,b) high-swirl case (run dmg2080); (c,d) medium-swirl case dmg2011. In the
righthand column deep blue and red correspond respectively to autocorrelation magnitudes
of +/- 0.3.
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Figure 6.13: (a) Ideal cycloid with U/V=0.5. (b) Autocorrelation of the cycloidal signal in
(a) along its direction of travel.
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Chapter 7
Conclusions and discussion
A large matrix of large-eddy simulations of tornadoes with debris was generated with
three primary goals in mind: to investigate the physical origins of surface debris marks and
compare them with historical interpretations; to study the variations of surface marks with
tornado structure and intensity, debris type, and translation velocity; and, to learn what can
be inferred about tornado structure from aerial photography of surface tracks in the field
(possibly with additional information about the flow aloft). The simulation code employed
was state of the art, including an accounting of where debris was removed and deposited on
the surface to produce simulated surface tracks up to tens of kilometers long. Fujita and
colleagues’ original idea of inferring near-surface tornado wind velocities from the properties
of surface marks was resurrected; previous difficulties in interpreting the physical origins of
marks were circumvented by simulating the most important features of the complex near-
surface flow. This work also has direct relevance to dust devils that occur on Earth and
Mars where loose debris is plentiful at the ground.
The majority of simulation runs included only one species of debris. Sensitivities to de-
bris type were performed, showing that simulations with the same combination σd (where
σ is the debris particle mass density and d is particle diameter) generally produced similar
tracks, enabling extrapolation of results for sand-like debris to species of much lower density
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and higher diameter (e.g. dried corn stubble). In the presence of multiple debris species,
deposition tracks of the individual species were nearly identical to one another with the exe-
ception of modest variations in relative intensities of some marks. Also, the total deposition
track (i.e. the sum of the individual tracks) in multispecies cases was generally found to be
similar to the single-species surface track for some effective choice of debris σd.
The greatest uncertainties in this work are in the parameterization of the surface. No
particular real surface has been modeled; however, surface parameters were varied as tests
of sensitivity. Surface marks were largely insensitive to changes in surface parameters that
did not dramatically alter debris mass loadings or the balance between near-surface swirl
and inflow levels. These variations are not captured entirely by the four dimensionless
parameters considered in this work; in particular, the swirl ratio and spatial and velocity
scales of normalization are computed in the absence of debris, requiring discussion in terms
of an “effective” swirl ratio. Development of an alternative measure of swirl ratio including
such effects as limited debris availability and debris-induced changes in the near-surface ratio
of swirl to inflow would provide a more robust means of collecting the physics governed by
many surface parameters into a smaller handful of variables. Also, variations of marks in
more “exotic” situations where the near-surface inflow is impeded in different locations have
been noted but not explored in depth.
A detailed taxonomy of simulated surface marks was compiled and their physical origins
uncovered. Much of the historical nomenclature was robust enough to be retained even in
light of simulation results that contradicted previous intepretations. The revised taxonomy of
deposition marks for quasisteady simulations in the present work included cycloidal marks,
scalloping, trailing arcs, and diffuse far-field swaths, with lineation appearing in a small
handful of cases with time-varying boundary flow conditions.
The sharpest marks came from debris deposition; removal signatures were generally more
diffuse. The strongest central deposition marks were from debris that could not follow
the rapid corner flow upturn and was redeposited in an annulus underneath the central
115
vortex (often taking the form of cycloids or arcs). Diffuse far-field swaths of deposition away
from the central vortex were attributed to debris that had been fully lofted and centrifuged
outward. Alternating patterns of removal and deposition further from the main vortex
(trailing arcs) were attributed to debris-laden surface rolls in the inflow layer. Scalloping
occured underneath the central vortex when the debris availability at the surface was limited
or behind the vortex when trailing arcs aligned with the translation velocity vector. Lineation
occurred further to either side of the central vortex in “corner flow collapse” cases where the
inflow component was impeded in various quadrants of the near-surface flow. These marks
could be confused with scalloping in the field if the location of the central vortex is not
known (through the presence of cycloidal marks or the availability of concurrent Doppler
measurements).
These findings contrast with some of those of Fujita and colleagues (Agee et al., 1975,
1977; Davies-Jones et al., 1978; Forbes and Wakimoto, 1982; Fujita, 1966, 1967, 1981; Fujita
et al., 1967, 1970, 1976a,b), who postulated that secondary vortices were the primary mech-
anism responsible for gathering debris into the sharp marks observed in the field. No direct
correlation was found between the paths of simulated secondary vortices and prominent de-
position marks; furthermore, some of the types of marks previously attributed to secondaries
were observed in simulated tornadoes where there was only a single vortex on the surface.
Nonetheless, this study supports the more general conclusion of Fujita and colleagues that
surface marks provide useful information about tornado structure and dynamics.
The qualitative appearance of surface marks was investigated in terms of the following
dimensionless parameters:
• Corner flow swirl ratio SC (categorizing corner flow structure) (Lewellen et al., 2000)
• Acceleration ratio Aa = V 2C/gRC (importance of centrifugal forcing relative to gravi-
tational forcing) (Lewellen et al., 2008)
• Velocity ratio Av = VC/wt (relative ease of lofting) (Lewellen et al., 2008)
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• Translation velocity ratio At = Utrans/VC (importance of translation relative to swirl)
where Vc and Rc are the upper core velocity and radius scales, g is gravitational acceleration,
wt is the debris terminal velocity in freefall, and Utrans is the surface-relative translation
velocity of the vortex. Casting results in terms of these dimensionless parameters allows them
to be more easily generalized to a wide range of vortices (e.g. to constrain the properties of
vortices in the near-surface Martian environment). The range of parameters explored was
roughly 0 < Sc < 13, 1.5 < Av < 30, 0.5 < Aa < 77, 0.05 < At < 0.6.
Very-low-swirl tornadoes (Sc < 1.4) were not found to produce strong deposition marks
because their surface wind levels were generally too low to remove debris. Otherwise, the
swirl ratio was found primarily to capture the size of cycloidal marks relative to the size of
the vortex aloft. The shift of the vortex center on the ground relative to its position aloft
scaled with At/Sc Raising At increased the left-right asymmetry of cycloidal marks and the
relative intensity of trailing arcs (e.g with respect to the other types of marks). Increasing
Av caused far-field diffuse swaths to become more intense. Raising Aa favored trailing arcs
and increased the size of cycloidal marks through the effects of debris centrifuging.
Quantitative analysis methods were developed to distill surface track signatures into sim-
pler forms capturing shapes, sizes, and spacings of marks. The downstream average of net
deposition was often useful in extracting a characteristic near-surface vortex radius when cy-
cloids were present. A rough correlation was found between Rs/Rc and Sc for tornadoes with
cycloidal marks, where Rs is the cycloidal radius, although there is considerable variability
with Aa and Av. A variety of methods were explored for inferring surface marks spacings
including autocorrelations and wavelet analyses.
An algorithm was developed to determine mean surface mark shapes using image pro-
cessing techniques. This approach involved transforming surface tracks from the standard
(x, y)-representation to a mark sharpness versus lateral position (θ, y)-representation. The
resulting “orientation histograms” often had single- or double-branched structure in (θ, y)
which could be extracted for analysis. In the case of ideal cycloids, the crossing point of
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the branches correlates with the ratio of cycloidal translation to rotation Utrans/Vc, thus
providing a potentially useful substitute for the algorithms of Fujita and colleagues (Fujita
et al., 1970). Prospects for using the crossing point analysis to infer an effective near-surface
U/V ratio from cycloidal surface marks were explored.
At this time, the greatest need of the present work is a set of quantitative measures of the
relative intensities of marks (to establish sharper correlations between populations of marks
and the dimensionless parameters). The algorithms developed are a first step toward such
measures; however, it is an extremely complex image processing task to detect and extract
individual, overlapping marks of different intensities and widths. Also, the image-processing
techniques developed in the present work rely heavily on user input and guidance. A scale-
space approach (Lindeberg, 1996) in which continuous marks of different widths are detected
based on local quantitative measures of sharpness could potentially circumvent these issues
by providing a more robust, automatic analysis procedure.
It was hoped at the outset that many complications would drop out when interpreting
the simulation set, enabling compilation of a simplified dictionary of surface marks and the
ranges of conditions under which they occur. The deposition tracks of Figures 5.3, 5.5,
5.9, and 5.7 show that all four of the primary dimensionless parameters are important in
governing the formation of surface marks. However, analysis of real surface marks in terms
of dimensionless parameters should still be possible under fortuitous conditions in the field.
With concurrent information about the flow aloft, analysis of surface tracks could pro-
vide critical information about near-surface vortex structure currently unavailable to Doppler
radar or in-situ probes alone. Consider the case in which a tornado has left surface marks in
a relatively uniform field of debris (such that wt can be assumed relatively uniform over time)
and there are concurrent Doppler radar measurements of the flow aloft. The translation ve-
locity Utrans and properties of the vortex aloft (Rc and Vc) can be estimated from properties
of the peak velocity couplet in the Doppler data aloft, providing measures of At, Aa, and Av
over time. With these variations known, the evolution of Sc could be inferred from the quali-
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tative appearance of marks along different sections of the track. The prospects are promising
enough to warrant documentation of surface marks in the field (likely through unmanned
aerial vehicles), particularly when concurrent Doppler measurements are available.
Appendix A
Tables of runs
Stationary runs without debris are listed in Table A.1, and were used as initial conditions for
the debris-laden runs listed in Tables A.2-A.6. Default surface parameters for debris-laden
runs are ca=0.12, cd=0, cb=1, ct=0.5, cu=1, unless otherwise noted in the entries in this
Appendix.
119
120 APPENDIX A. TABLES OF RUNS
Name Rc Vc Rl Vl Sc ω Γ∞ Rin Win
(m) (m s−1) (m) (m s−1) (s−1) (×104 (m) (m s−1)
kg m2 s−1)
run3320-tav∗ 102.4 47.6 72.4 67.3 1.9 0.0125 0.5 n/a n/a
run3300-tav∗ 107.2 90.9 79.6 122.4 3.0 0.0125 1.0 n/a n/a
run3240-tav 171.0 57.0 117.9 82.6 5.6 0.0100 1.0 50 -12.5
run2057-tav 208.8 70.0 161.5 90.4 12.4 0.0150 1.5 100 -12.5
Table A.1: A subset of stationary runs without debris used as initial conditions for trans-
lating, debris-laden cases. Rc and Vc are characteristic spatial and velocity scales of the
vortex aloft, Rl and Vl play the same respective roles in the corner flow, and Sc is the corner
flow swirl ratio. The values of these parameters result from the user-defined values of the
constant horizontal convergence at the boundaries ω, the far-field angular momentum Γ∞,
and downflow velocity Win imposed at the top boundary within a disk of radius Rin. Runs
marked with ∗ have angular momentum interpolated linearly from Γ∞ at z = 10 m to 0 kg
m2 s−1at z = 0 m at the lateral boundaries.
Name Utrans g σ/ρ d wt At Aa Av Other
(m s−1) (m s−2) mm (m s−1)
dmg3321 5 9.81 2000 1 5.73 0.11 2.26 8.31
dmg3322 15 9.81 2000 1 5.73 0.32 2.26 8.31
dmg3323 25 9.81 2000 1 5.73 0.53 2.26 8.31
dmg2218 5 2.7667 2000 2 4.58 0.11 8.00 10.4
dmg2219 15 2.7667 2000 2 4.58 0.32 8.00 10.4
dmg2220 25 2.7667 2000 2 4.58 0.53 8.00 10.4
Table A.2: A subset of low-swirl runs regridded from run3320-tav.
Name Utrans g σ/ρ d wt At Aa Av Other
(m s−1) (m s−2) mm (m s−1)
dmg3242 5 9.81 2000 1 5.73 0.09 1.94 9.94
dmg3243 15 9.81 2000 1 5.73 0.26 1.94 9.94
dmg3244 25 9.81 2000 1 5.73 0.44 1.94 9.94
dmg2226 15 2.45 2000 3 5.64 0.26 7.75 10.1
dmg2227 25 2.45 2000 3 5.64 0.44 7.75 10.1
Table A.3: A subset of high-swirl runs regridded from run3240-tav.
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Name Utrans g σ/ρ d wt At Aa Av Other
(m s−1) (m s−2) mm (m s−1)
run2049 5 9.81 n/a n/a n/a 0.06 7.85 n/a no debris
run2011 15 9.81 n/a n/a n/a 0.17 7.85 n/a no debris
run2052 25 9.81 n/a n/a n/a 0.28 7.85 n/a no debris
dmg2033 5 9.81 2000 1 5.73 0.06 7.85 15.9 min(∆x)=8 m
dmg2026 15 9.81 2000 1 5.73 0.17 7.85 15.9 min(∆x)=8 m
dmg2032 25 9.81 2000 1 5.73 0.28 7.85 15.9 min(∆x)=8 m
dmg2049e 5 9.81 2000 1 5.73 0.06 7.85 15.9 min(∆x)=2 m
dmg2011e 15 9.81 2000 1 5.73 0.17 7.85 15.9 min(∆x)=2 m
dmg2052e 25 9.81 2000 1 5.73 0.28 7.85 15.9 min(∆x)=2 m
dmg3031 5 9.81 1000 1 3.81 0.06 7.85 23.8
dmg3032 15 9.81 1000 1 3.81 0.17 7.85 23.8
dmg3033 25 9.81 1000 1 3.81 0.28 7.85 23.8
dmg2245 25 9.81 1500 1 4.84 0.28 7.85 18.8
dmg2049 5 9.81 2000 1 5.73 0.06 7.85 15.9
dmg2209 5 9.81 2000 1 5.73 0.06 7.85 15.9 avail.=1 kg m−2
dmg2011 15 9.81 2000 1 5.73 0.17 7.85 15.9
dmg2052 25 9.81 2000 1 5.73 0.28 7.85 15.9
dmg2244 25 9.81 3000 1 7.25 0.28 7.85 12.5
dmg3024 5 9.81 4000 1 8.55 0.06 7.85 10.6
dmg3025 15 9.81 4000 1 8.55 0.17 7.85 10.6
dmg3026 25 9.81 4000 1 8.55 0.28 7.85 10.6
dmg3021 5 9.81 8000 1 12.7 0.06 7.85 7.18
dmg3022 15 9.81 8000 1 12.7 0.17 7.85 7.18
dmg3023 25 9.81 8000 1 12.7 0.28 7.85 7.18
dmg2274 25 9.81 4000 1 8.55 0.28 7.85 10.6 ca = 0.04
dmg2246 25 9.81 1000 1 3.81 0.28 7.85 23.8 ca = 0.36
dmg2252 25 9.81 1500 1 4.84 0.28 7.85 18.8 ca = 0.36
dmg2070 25 9.81 2000 1 5.73 0.28 7.85 15.9 ca = 0.36
dmg2251 25 9.81 3000 1 7.25 0.28 7.85 12.5 ca = 0.36
dmg2247 25 9.81 4000 1 8.55 0.28 7.85 10.6 ca = 0.36
dmg2248 25 9.81 8000 1 12.7 0.28 7.85 7.18 ca = 0.36
dmg3304 5 9.81 2000 1 5.73 0.06 7.85 15.9 cd = 0.30, ct = 2.0
dmg3305 15 9.81 2000 1 5.73 0.17 7.85 15.9 cd = 0.30, ct = 2.0
dmg3306 25 9.81 2000 1 5.73 0.28 7.85 15.9 cd = 0.30, ct = 2.0
dmg2283 25 9.81 4000 1 8.55 0.28 7.85 10.6 cb = 0.25
dmg2285 25 9.81 4000 1 8.55 0.28 7.85 10.6 cu = 0.20
dmg2180 25 9.81 500 8 10.3 0.28 7.85 8.82 σd test
dmg2185 25 9.81 100 40 10.9 0.28 7.85 8.34 σd test
dmg2288 25 9.81 20000 0.2 6.09 0.28 7.85 14.9 σd test
dmg2192 5 39.24 2000 0.6 8.77 0.06 1.96 10.4
dmg2193 15 39.24 2000 0.6 8.77 0.17 1.96 10.4
dmg2203 30 39.24 2000 0.6 8.77 0.33 1.96 10.4
dmg2279 15 150 275 1 8.80 0.17 0.51 10.3
Table A.4: A subset of medium-swirl runs regridded from run3300-tav.
122 APPENDIX A. TABLES OF RUNS
Name Utrans g σ/ρ d wt At Aa Av Other
(m s−1) (m s−2) mm (m s−1)
run2059 5 9.81 n/a n/a n/a 0.07 2.39 n/a no debris
run2014 15 9.81 n/a n/a n/a 0.21 2.39 n/a no debris
run2060 25 9.81 n/a n/a n/a 0.36 2.39 n/a no debris
dmg2035 5 9.81 2000 1 5.73 0.07 2.39 12.2 min(∆x)=8 m
dmg2028 15 9.81 2000 1 5.73 0.21 2.39 12.2 min(∆x)=8 m
dmg2034 25 9.81 2000 1 5.73 0.36 2.39 12.2 min(∆x)=8 m
dmg2059e 5 9.81 2000 1 5.73 0.07 2.39 12.2 min(∆x)=2 m
dmg2014e 15 9.81 2000 1 5.73 0.21 2.39 12.2 min(∆x)=2 m
dmg2060e 25 9.81 2000 1 5.73 0.36 2.39 12.2 min(∆x)=2 m
dmg2058 0 9.81 2000 1 5.73 0 2.39 12.2 stationary
dmg2177 5 9.81 1000 1 3.81 0.07 2.39 18.4
dmg2178 15 9.81 1000 1 3.81 0.21 2.39 18.4
dmg2179 25 9.81 1000 1 3.81 0.36 2.39 18.4
dmg2059 5 9.81 2000 1 5.73 0.07 2.39 12.2
dmg2165 5 9.81 2000 1 5.73 0.07 2.39 12.2 avail.=1 kg m−2
dmg2014 15 9.81 2000 1 5.73 0.21 2.39 12.2
dmg2060 25 9.81 2000 1 5.73 0.36 2.39 12.2
dmg2080 5 9.81 4000 1 8.55 0.07 2.39 8.18
dmg2081 15 9.81 4000 1 8.55 0.21 2.39 8.18
dmg2082 25 9.81 4000 1 8.55 0.36 2.39 8.18
dmg2084 35 9.81 4000 1 8.55 0.36 2.39 8.18
dmg2090 5 9.81 8000 1 12.65 0.07 2.39 5.53
dmg2091 15 9.81 8000 1 12.65 0.21 2.39 5.53
dmg2092 25 9.81 8000 1 12.65 0.36 2.39 5.53
dmg2277 25 9.81 4000 1 8.55 0.36 2.39 8.18 ca = 0.04
dmg2276 25 9.81 4000 1 8.55 0.36 2.39 8.18 ca = 0.36
dmg2045 5 9.81 2000 1 5.73 0.07 2.39 12.2 cd = 0.30, ct = 2.0
dmg2047 15 9.81 2000 1 5.73 0.21 2.39 12.2 cd = 0.30, ct = 2.0
dmg2042 25 9.81 2000 1 5.73 0.36 2.39 12.2 cd = 0.30, ct = 2.0
dmg2282 25 9.81 4000 1 8.55 0.36 2.39 8.18 cb = 0.25
dmg2284 25 9.81 4000 1 8.55 0.50 2.39 8.18 cu = 0.20
dmg2181 15 9.81 250 8 7.14 0.21 2.39 9.80
sig1115 15 9.81 100 20 7.47 0.21 2.39 9.37
sig2015 15 9.81 11330 0.177 3.69 0.21 2.39 19.0
dmg2212 5 2.9727 6500 1 5.68 0.07 7.89 12.3
dmg2195 25 2.9727 6500 1 5.68 0.36 7.89 12.3
dmg2280 15 46.9 570 1 6.86 0.21 0.50 10.2
Table A.5: A subset of high-swirl runs regridded from run2057-tav.
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Name Utrans g σ/ρ d wt At Aa Av Other
(m s−1) (m s−2) mm (m s−1)
dmg2249 25 9.81 1000 1 3.81 0.28 7.85 23.8 ca = 0.04
4000 1 8.55 10.6 ca = 0.04
8000 1 12.65 7.18 ca = 0.04
3sp3026 25 9.81 1000 1 3.81 0.28 7.85 23.8 ca = 0.12
4000 1 8.55 10.6 ca = 0.12
8000 1 12.65 7.18 ca = 0.12
dmg2267 25 9.81 1000 1 3.81 0.28 7.85 23.8 ca = 0.0950
4000 1 8.55 10.6 ca = 0.0175
8000 1 12.65 7.18 ca = 0.0070
Table A.6: A subset of multispecies, medium-swirl runs regridded from run3300-tav.
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